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SUMMARY 
The discovery of crude oils in the 19th century and processed inexpensive fuels has 
contributed to the industrialization of the word and heavily lifted standard of living. 
However, the alarming about the finite nature and limited availability of fossil fuels has 
directed government, academy, and industry to focus on finding more sustainable 
replacements feedstock for transportation fuels and chemicals. Biomass is one of the most 
promising replacements as it can be grown sustainably, and when appropriately processed, 
energy and fuel can be produced in a carbon-neutral fashion. Heterogeneous catalysts, such 
as metal oxides, metals supported on metal oxides, aluminosilicates greatly contributed to 
oil refining and chemical production due to their high stability at harsh conditions, 
economic utilization relative to other chemical conversion methods. Thus, heterogeneous 
catalysts are also expected to be an integrated part of the catalytic upgrading of biomass in 
the future. 
The development of effective and efficient processes in petrochemical refining is 
due to the design of catalyst based on an understanding of the relevant surface chemistry 
involved. Similarly, the discovery of catalysts for biomass upgrading should depend on an 
in-depth knowledge of how biomass molecules interact with heterogeneous catalyst 
surfaces. Investigating the interaction of biomass-derived feedstocks with heterogeneous 
catalysts is challenging due to their chemical compositions. As most biomass-derived 
molecules are highly oxygenated, they often have low vapor pressures and are soluble in 
polar solvents. Therefore, the process of biomass conversion into value-added products is 
highly likely to be conducted in the condensed phase. However, Most traditional surface 
 xvii 
science techniques require dosing the molecule being investigated via gas phase and the 
use of ultra-high vacuum conditions. As a result, alternative methodologies must be 
developed to study the surface science of biomass-derived oxygenates on heterogeneous 
catalysts. The purpose of this dissertation is to understand the biomass-derived oxygenates 
surface chemistries using various IR spectroscopic techniques coupled with the probe 
molecules which has similar functionality to biomass-derived feedstocks to elucidate the 
reaction mechanisms and catalyst properties to be active for reactions.  
First, we studied the effect of size and functionality of biomass-derived oxygenates 
on the formation of surface species on 5 wt% Pt/-Al2O3 in aqueous phase reforming (APR) 
reaction using in-situ ATR-IR spectroscopy. Specifically, kinetics of formation and 
conversion of linearly bound and bridging CO from glycerol, sorbitol, and glucose are 
studied at different temperatures. Regardless types of reactant, the formed COB from the 
decomposition of the reactants is more susceptible to WGS reaction, but increasing 
temperature from room temperature to 72 C for APR reaction induced inactive COL to 
start to undergo oxidation via WGS reaction. Interestingly, the reforming of glucose 
exhibited significantly reduced conversion into CO surface species on Pt due to the steric 
effect in the presence of neighboring acyclic glucose. The unreacted portion of glucose 
readily converted into CO surface species when acyclic glucose near the Pt surface is 
absent. Also, compared to the fresh catalyst for reforming reaction of polyols and sugars, 
the second use of the catalyst when the temperature reached at high temperatures (72 C) 
generated the formation of CO surface species. This phenomenon is highly likely to be 
related to the accumulation of unreacted portion surface intermediates decomposed from 
at the interface between Pt and alumina support. 
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The second study investigates how C2 oxygenates adsorb and reacts on heteroatom-
doped zeolites in order to provide a tool (probe molecules: acetone and hydoroxyacetone) 
to find the characteristics of LA sites for C-C coupling of biomass-derived oxygenates and 
Meerwein−Ponndorf−Verley (MPV) 1,2 hydride shift for isomerization of sugars. We 
discovered that Sn BEA readily catalyzes acetone to form bigger oxygenates such as 
mesityl oxide via aldol condensation reaction. Low amount of acetone exclusively formed 
mesityl oxide due to the absence of neighboring acetone, which prevents mesityl oxide 
from further reacting with acetone to form C9 oxygenates including phorones, isophorones 
at low temperatures and aromatics and cokes at high temperatures. Hydroxyacetone, a 
carbonyl compound with an additional hydroxyl group at -position was exclusively 
converted into 2-hydroxypropanal via 1, 2 hydride shift over Sn BEA without forming 
significant surface species, but exhibited the considerable binding strength to Sn sites up 
to 400 C, resisting desorption. The presence of H2O negatively affects the C-C coupling 
with H2O. However, once the products were formed on the surface, H2O promotes the 
desorption of products, preventing the deactivation of catalysts. Based on the surface 
studies, we propose the small amount of H2O in alcohol solvent during C-C coupling during 
reforming of biomass-derived oxygenates would be beneficial for maintaining the activity 
of catalysts for biomass conversion. Also, the presence of H2O promotes the formed 2-
hydroxypropanal at active sites to further transform into acrolein. We also prepared Sn, 
Mo, and W BEA using a solid-state mixing method of the dealuminated beta zeolites to 
find the most influential parameter of Lewis acid sites among electro affinity, the Lewis 
acid hardness, and size of the metal site of the heteroatom-doped zeolites. The most 
prominent factor for the catalytic activity of the prepared catalysts is the size of metal 
 xix 
atoms, which presumably enables two functional groups of the oxygenates to bind to the 
active sites simultaneously.  
Lastly, we studied the redox properties of α-MoO3 in UHV conditions using acetone 
and acetaldehyde as probe molecule to elucidate the effect of alcohol solvent on the 
reaction pathway of biomass-derived oxygenates over α-MoO3. α-MoO3 are known to 
have an activity for C-C bond cleavage of oxygenates via retro-aldol reactions in the 
condensed phase but easily tend to lose the activity for the reaction. We found that α-MoO3 
is a high activity for the decomposition of ethanol and acetaldehyde which are used as 
model compounds to mimic the functionalities of biomass-derived oxygenates but easily 
reduced by the depletion of surface O atoms of α-MoO3 during the decomposition. IR 
spectroscopy and XANES revealed that the only surface of the catalysts was reduced and 
the reduced α-MoO3 exhibited the different reaction path, instead of full decomposition 




1.1 Biomass as a Sustainable Feedstock for Energy and Chemicals  
Soaring demand for petroleum by developing countries, declining petroleum 
resources, and environmental concerns about ongoing dependency on fossil fuels have 
spurred efforts to create energy-efficient and sustainable processes to produce fuels and 
chemicals for future generations. In this respect, biomass is the only sustainable current 
source of organic carbon and biofuels.1 With appropriate harvesting and processing 
biomass can have a nearly “closed carbon balance,” thereby leaving a minimal global-
warming footprint.2 The U.S. Department of Agriculture and Oak Ridge National Laboratory 
reported that the USA has capacity to produce 1.3 x 109 metric tons of dry biomass per year, 
and this amount of biomass is equivalent of 3.8 x 109 barrels of oil by energy content.3 The 
U.S. Department of Energy projected that processing 1.3 billion tons of biomass per year 
could replace 33% of U.S transportation fuel and 25% of all organic chemicals with non-
food-interfering (lignocellulosic) biomass.3 
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Figure 0.1. Strategies for production of fuels from lignocellulosic biomass. Figure 
reproduced from Huber et al.4 
The current routes for biomass conversion to synthesize fuels and chemicals are 
broadly categorized into three groups shown in Figure 0.1. depending on the initial step 
for biomass breakdown, including syngas production by gasification, bio-oil production 
by pyrolysis or liquefaction, or hydrolysis of biomass to produce sugar monomer units.1 
Syngas can be further processed to alkanes via Fischer-Tropsch catalysis, methanol via 
methanol synthesis, or H2 production via water gas shift reactions.
1, 5 The bio-oils from 
the pyrolysis can be further processed as a use of liquid fuels in HDO reaction over the 
zeolites.1, 5 Also, aqueous sugar monomer units and associated lignin can be upgraded 
into the transportation fuels such as ethanol, diesel fuel, and gasoline.1, 5  
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Biodiesel and ethanol are currently on the market. In the U.S.A, automobiles run 
on fuels obtained by blending of gasoline and ethanol. Ethanol is currently produced by 
the process which consists of the enzymatic hydrolysis of corn starch to sugars and 
subsequent the fermentation of sugars by yeast to ethanol.6 However, since the 
fermentation requires moderate temperature and acid conditions, the rate of ethanol 
production is slow. Furthermore, the distillation step following the fermentation is energy-
intensive, which makes the entire process inefficient due to the high ratio of energy output 
to energy input. Current biodiesel production relies on the trans-esterification of waste 
triglyceride sources such as used cooking oils. Unfortunately, these sources are relatively 
limited in quantity. Vegetable oils such as coconut, palm kernel, soybean oil can be used 
to produce biodiesel, but this process creates ethical issues due to the competition of 
foodstuffs versus transportation fuels. Due to the limitations of ethanol and biodiesel for 
widespread utilization, lignocellulosic biomass should be considered as a source of future 
development of large-scale production of biofuels.   
As seen in Figure 0.2, lignocellulosic biomass are polymers made up of 
carbohydrate monomers. Lignocellulosic biomass is the most abundant, cheapest and fast 
growing form of biomass and it consists of cellulose, hemicellulose and lignin5. Cellulose 
(10-25% of lignocellulose) is a crystalline polymer that consists of a linear polysaccharide 
with β-1,4 linkage of D-glucopyranose monomers. Hemicellulose (20-40% of 
lignocellulose) is amorphous and comprised of five-carbon sugars (xylose and arabinose) 
and six-carbon sugars (galactose, glucose, and mannose). Lignin (10-25% of 
lignocellulose) is a highly branched amorphous polymer, which consists of hetero-
substituted aromatic monomers and exists in the cell walls of certain biomass1. Since this 
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“woody” biomass is not considered as a foodsource, many ethical issues about using crops 
for industrial purposes instead of agricultural use can be avoided. As a result, 
lignocellulosic biomass is an ideal candidate as a chemical and energy feedstock to 
replace the petroleum counterparts. 
 
 
Figure 0.2. Structures of different biomass fractions (lignocellulose, cellulose, lignin, and 
hemicellulose) before and after reactions. Figure reproduced from Evans et al.7 
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Figure 0.3 Top value-added chemicals from glucose. Figure reproduced from Chheda et 
al.8 
Hydrolysis of lignocellulosic biomass can potentially produce a large variety of 
carbohydrates. As seen in Figure 0.3, it is plausible to produce a diverse range value-added 
chemicals from glucose including glutamic acid, aspartic acid, levulinic acid.8 This 
flexibility as a feedstock can enables biomass-based production of chemicals to replace key 
building block chemicals currently derived from petroleum. For example, 
Hydroxymethylfurfural (HMF), which can be produced via selective dehydrogenation of 
hexoses, has a large potential as a replacement for terephthalic aicd, a widely used 
component in various polyesters, such as polyethylene terephthalate (PET) and 
polybutyleneterephthalate (PBT).9 Petroleum feeds usually have a low extent of 
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functionality (e.g., -OH, -C=O, -COOH) which makes these feeds directly suitable for use 
as fuels after appropriate catalytic processing (e.g., cracking to control molecular weight, 
isomerization to control octane number).8 Unlike petroleum, biomass-derived 
carbohydrates contain excess functionality for use as fuels and chemicals. Method needs 
to be developed to control the functionality in the final product from biomass. Furthermore, 
because of a high degree of functionality, carbohydrates have high reactivity and low 
volatility, and they must be typically be processed in the condensed phase.8 The control of 
the high functionality of carbohydrates and consequential necessity of the development of 
efficient liquid phase technologies is one of the overarching challenges that must be tackled 
to realize biorefinery concepts in practical settings. 
1.2 Critical Role of Heterogeneous Catalysis in Biomass Conversion 
The primary advantage of heterogeneous catalysts is that since they are solid, they 
can easily be separated and recycled from the gas and liquid reactants and products.5 In 
contrast, it is difficult to separate and recycle homogeneous catalysts and enzymatic 
catalysts. Another strength of heterogeneous catalysts is their stability to severe reaction 
conditions. Higher reaction temperature leads to higher reaction rate and smaller reactor 
size. In comparison, biological catalysts can only survive at low temperatures.  These 
observations suggest that heterogeneous catalyst have potential to contribute in important 
ways to the realization of biorefineries. 
The development of petroleum industry to produce chemicals and fuels largely 
depended on traditional heterogeneous catalyst tailored to petroleum-derived feedstocks. 
These catalysts can also be applied to the conversion of biomass-derived feedstocks. For 
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example, traditionally, the petroleum industry uses supported cobalt-molybdenum and 
nickel-molybdenum catalysts for hydrotreating of crude oil. These catalysts are now also 
used for hydrotreating biomass-derived feedstocks such as vegetable oils and bio-oils, but 
a limitation on yield and selectivity coupled with catalyst stability. Compared to petroleum-
derived feedstocks, biomass-derived oxygenates have different functionality (i.e., organic 
acids, aldehydes, ketones) and impurities (i.e., amino acids, sodium, potassium). It is 
imperative to develop new catalysts that are specifically suited for use with biomass-
derived feedstocks. The synthesis of these new catalytic materials will require a 
fundamental understanding of the reaction in biomass conversion at a molecular level. 
At the molecular level, catalytic reactions are series of elementary reaction steps that 
occur on active sites.10 In-situ spectroscopic studies (i.e., infrared, x-ray photoelectron 
spectroscopy, x-ray absorption spectroscopy, UV, Raman, NMR, etc.,) of interaction 
between reactants and intermediates and heterogeneous catalysts in the gas phase have 
elucidated surface species and catalytically active structures under actual reaction 
conditions in processes of the petrochemical industry.10 Knowledge of these structure-
activity relationships allows optimizing the performance of the catalyst, but also provides 
critical information to rationally design more efficient catalytic materials 11. These in-situ 
spectroscopic experiments are not useful when studying the interaction between biomass 
and the catalyst because water, a dense medium, very strongly absorbs light in the 
important regions in the mid-IR range. Therefore, detailed studies on the surface 
interactions of biomass-derived oxygenates are rare.12-14 
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Figure 0.4. Schematic representation of ATR principle. Figure reproduced from Evans et 
al .15 
Attenuated Total Reflection Infrared Spectroscopy (ATR-IR) is a good solution for 
studying molecular vibrations at the solid-liquid interface since the evanescent wave is 
restricted to the region near the interface, thereby minimizing the contribution from the 
liquid. A typical experimental set up for ATR-IR is shown in Figure 0.4. For example, 
Baiker’s group resolved the nature of active sites and the corresponding reaction 
mechanism by studying the oxidation of benzyl alcohol over supported palladium catalysts 
and thin palladium films using ATR-IR spectroscopy.16 Adsorption and oxidation of CO 
and decomposition of small molecules such as formaldehyde over Pt/Al2O3 catalysts were 
also studied.17 In combination with kinetic studies, ATR-spectroscopy was adopted to 
investigate the water–gas shift reaction and methanol reforming over Pt/Al2O3,  finding 
differences in kinetic parameters when comparing vapor phase reactions with the 
corresponding liquid phase.18 Those studies have shown the potential of ATR-IR 
spectroscopy as a tool to elucidate the mechanism of biomass conversion in a condensed 
phase. 
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Another possible way to elucidate a condensed phase reaction mechanism is to mimic 
the reaction with a gas phase reaction, which enables the application of the traditional 
spectroscopy techniques. Probe molecules that have similar functionality to biomass-
derived oxygenates and high volatility would undergo similar transformation and 
configuration of adsorbed surface species when interacting with the catalyst. This similar 
functionality of probe molecules can enable studies of surface reactions and the molecular 
configuration of adsorbed surface reactant and reaction intermediates on the active sites of 
a catalyst. For example, temperature-programmed desorption (TPD) and 
thermogravimetric analysis (TGA) found that acetonitrile and diethyl ether formed 1:1 
complexes with Sn sites in beta zeolites and decomposed reversibly upon mild heating in 
vacuum.14 In the same study, 2-methyl-2-propanol underwent dehydration to butene and 
water over a very narrow temperature range centered at 410 K over Sn BEA.  
1.3 Objectives and Organization 
The overall objective of this body of work is to investigate the surface species formed 
on various types of heterogeneous catalysts including supported metal, metal oxide, and 
zeolites for studying the interaction of biomass-derived oxygenates and heterogeneous 
catalyst. This knowledge will help to bridge the gap between the largely empirical 
knowledge of which catalysts happen to work well for certain systems and the largely 
unanswered question of why one catalyst behaves differently than another. Furthermore, 
this knowledge will be essential for the design of catalyst for biomass upgrading to realize 
the biorefinery. Probe molecules which have similar functionality to biomass-derived 
oxygenates will be utilized to mimic the catalytic system for biomass conversion since 
these molecules are functionally very similar to the majority of biomass-derived 
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carbohydrates and is highly likely to undergo the similar reaction pathway. As a result, the 
knowledge gained from the molecules used in the present work will be very relevant for 
many other biomass-derived carbohydrates of interest. 
In Chapter 2, the surface interactions of glycerol, sorbitol, and glucose on Pt/-Al2O3 
were studied by in-situ attenuated total reflection IR(ATR-IR) spectroscopy. With this 
approach, surface species on a catalyst can be probed effectively while keeping the 
contribution from the liquid solvent marginal to preserve many important regions of IR 
spectrum. This method enables us to elucidate the surface intermediates of kinetic 
regarding the APR of glycerol over a Pt-Al2O3 catalyst and assess the dynamics of their 
formation and conversion. The reaction temperature also will vary during APR reaction to 
investigate the dependency of types of surface species and its accumulation on 
temperatures.  
In Chapter 3, we will characterize the Lewis active sites of Sn BEA, the most 
representative zeolites for biomass conversion, for aldol-condensation and isomerization 
of simple C3 oxygenates using Ultra-high Vacuum transmission IR spectroscopy (UHV-
IR). First, we will try to observe strongly bound adsorbates that are formed from the 
interaction of acetone and hydroxyacetone with Sn sites. Following TPD analysis using IR 
spectroscopy will explore the further transformation of the formed adsorbates in response 
to increasing temperature. Also, H2O, which is common solvent for the conversion of 
biomass-derived oxygenates, will be dosed into the IR cell to investigate the effect of H2O 
on the adsorbates. Lastly, we will synthesize the different set of heteroatom-doped zeolites 
by doping Mo and W precursor into the zeolite topology, which will have different Lewis 
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acid characteristics such as electron affinity, and Lewis acid hardness, and size of metal 
inside the zeolites. These materials will give us insight which parameter will be the most 
influential for the isomerization and C-C coupling of biomass-derived oxygenates. 
In chapter 4, we will elucidate the redox properties of MoO3 for biomass conversion 
using probe molecules (ethanol and acetaldehyde). The simple C2 oxygenates will be dosed 
over MoO3 in Ultra-High Vacuum transmission (UHV) conditions and IR spectroscopy 
will be used to observe the surface species formed from ethanol. To elucidate the effect of 
alcohol solvent on the redox property of MoO3, the MoO3 activated at UHV condition will 
be exposed to methanol and dosed again with ethanol and acetaldehyde. This work will be 
beneficial to understand the reported recent catalyst reaction of MoO3 during the 




 In-situ ATR-IR study on the Mechanism of Aqueous Phase Reforming 
of Polyols and Sugars over Pt/-Al2O3 
1.4 Background 
In the 20th century, the petrochemical industry developed numerous processes for 
converting hydrocarbons into commodities. However, diminishing reserves of fossil 
feedstocks and related carbon dioxide emissions have motivated an intensive search for 
renewable sources of fuels and chemicals. In this context, biomass is considered as a 
sustainable long-term solution as a feedstock.1, 8, 19 Aqueous Phase Reforming (APR) of 
biomass has gained significant attention as a promising heterogeneously-catalyzed process 
for converting oxygenated carbohydrates, such as sugars (e.g., glucose) and polyols (e.g., 
methanol, ethylene glycerol, glycerol and sorbitol), into H2 and CO2 at temperature near 
500 K.20-23 As such, this process can provide the hydrogen needed in many other 
biorefining processes, such as hydrodeoxygenation.1  
APR has several advantages over the conventional steam reforming processes. 
Specifically, APR operates at relatively low reaction temperatures and elevated pressures. 
This eliminates the need to evaporate both water and the oxygenated hydrocarbons, leading 
to energy saving.23-24 Also, a hydrogen stream with low amounts of CO is produced in a 
single reactor because APR reaction takes place at temperatures where the water-gas shift 
(WGS) equilibrium is favorable for the forward reaction.20, 23 Moreover, APR is conducted 
at pressures (typically 15–50 bar) where pressure-swing adsorption and membrane 
technologies can efficiently separate hydrogen from the effluent.24 In principle, aqueous 
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phase reforming can be performed with any polyol, but the H2 yield decreases notably with 
larger molecules, such as sorbitol.25 Even lower yields were reported for the conversion of 
glucose.25  The reaction pathways of APR of biomass-derived polyols have been studied 
by many research group by the reasons for the strong dependence of the H2 yield on the 
feedstock are not entirely understood.25-28 
Effective catalysts for APR require high activity for C-C bond cleavage and the 
WGS reaction, but activity for CO hydrogenation reduces the hydrogen selectivity and 
results in the formation of light alkanes.29 When acidic supports catalyze dehydration steps, 
various reaction products, such as alcohol, aldehydes, and alkanes, can be co-produced.27 
Among a set of monometallic catalysts (i.e., Pt, Ni, Ru, Rh, Pd, Ir.), Pt was found to have 
the best combination of activity for C-C bond cleavage and the WGS reaction.22 Among 
the different supports (i.e., TiO2, Al2O3, carbon, SiO2, ZrO2, CeO2, and ZnO) investigated 
for Pt particles, Al2O3 exhibited the highest selectivity for hydrogen selectivity (>90%).
30 
A large particle size of Pt is beneficial for H2 selectivity since low index Pt surfaces favor 
C–C bond cleavage.31 However, Several studies showed that CO oxidation by WGS 
reaction is the rate-limiting step in APR, and the reaction is strongly inhibited by adsorbed 
hydrogen and CO on the surface.18, 20-21  
CO oxidation on metal surfaces is a traditional area of surface science,32-34 and 
many efforts have already been made to understand this reaction at the molecular level, 
typically studying CO conversion on single crystal surface (i.e., Pt(111)) both in 
experimental and theoretical approaches in ultra-high vacuum.35-38 Small amounts of H2O 
in gas phase can convert CO to CO2 via the WGS reaction even at low temperatures.
35, 39 
In addition, DFT calculation showed that activation barrier of CO oxidation is reduced in 
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the presence of H2O vapor.
39-40 These studies cannot be directly applied to the APR reaction 
conditions since the chemical potential of water is much higher, and water can affect 
reaction paths by solvating surface species and transition states.41 Moreover, it is important 
to account for the presence a variety of exposed facets in supported metal catalysts.  
Attenuated total reflectance infrared (ATR-IR) spectroscopy is a powerful 
approach to probe reactions on solid-liquid or solid-gas interfaces. A study of methanol 
reforming over Pt/-Al2O3 in vapor and liquid phase showed that CO is formed as 
intermediate on Pt and that the surface coverage by CO decreases as the partial pressure of 
H2O increases.
18 In the same study, it was shown that product inhibition by adsorbed 
hydrogen reduces the number of surface sites that are available for activating methanol. 
H2O has a positive effect on the rate of CO oxidation over Pd/Al2O3 and causes a red shift 
of the stretching vibration of CO species compared to dry conditions.42 Similarly, a large 
red shift of the stretching vibration of CO adsorbed on Pt/Al2O3 indicated that the C-O 
bond is weakened by formation of an activated CO-water complex.43 These studies provide 
insight into the nature of surface species on metal particles during APR. However, few 
studies directly investigate the rates of formation and conversion of surface bound CO. 
Recently, our group reported that Pt/Al2O3 readily converts glycerol to adsorbed CO at 
room temperature once metal sites are cleaned by exposing them to hydrogen and oxygen 
saturated water in an alternating order and that bridging CO can be converted by water gas 
shift even at room temperature.13 
In addition to the formation and oxidation of CO by the WGS reaction, it is 
important to understand how APR is affected by the presence of additional surface species 
that can be formed from biomass-derived oxygenates containing multiple functional 
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groups. Various surface intermediates (e.g., acetate, carbonate, crotoaldehyde, acetyl, 
acetone, and adsorbed linearly bound and bridging CO) were identified in spectroscopic 
studies of ethanol conversion over supported metal catalysts, such as Pt/Al2O3 and 
Rh/Al2O3.
44-48 The key difference between surface intermediates on single crystal metal 
surfaces and metal-oxide-supported metal particles is the possible presence of oxygenated 
surface species at the interface between metal particles and on the support. Glycerol 
adsorbs strongly on Lewis acidic metal oxides by forming a cyclic species, which involves 
a bridging alkoxy bond between a primary alcohol group and the Lewis acid site as well as 
a non-dissociative interaction of the other primary alcohol group with the same site.49-50 
Under conditions similar to the operating conditions of APR  (i.e., 463 - 498 K), ketones 
or aldehydes can also form on the surface of Pt/Al3O3,
27 and ketones can strongly adsorb 
on supported metal particles under similar conditions.51 
Here, we report the effect of size and functionality of oxygenate molecules on the 
formation of surface species on 5 wt% Pt/-Al2O3 in aqueous phase using in-situ ATR-IR 
spectroscopy. Specifically, kinetics of formation and conversion of linearly bound and 
bridging CO from glycerol, sorbitol, and glucose are studied at different temperatures, and 
the presence of co-adsorbed surface species is discussed. 
1.5 Experimental Method 
1.5.1 Materials 
Glycerol, sorbitol, and glucose (99%) and 5 wt% Pt on -Al2O3 were used as 
received from Sigma Aldrich. A Barnstead NANO pure ultrapure water was used to further 
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purify deionized water up to 18.2 M/cm. All H2, O2, and He gases were purchased from 
Airgas with ultra-high purity grade (UHP, grade 5). 
1.5.2 Characterization 
X-ray diffraction (XRD) patterns of 5 wt% Pt on -Al2O3 were obtained with a 
Philips X’pert diffractometer using a X’celerator module using Cu K radiation. 
Diffractograms were collected at incident angles from 2θ = 5° to 70° with a step size of 
0.0167°. Nitrogen physisorption measurements were taken using a Micromeritics ASAP 
2020 Physisorption Analyzer. Samples were degassed under vacuum at 250 °C for 4 h prior 
to analysis. The surface area of the sample was calculated from the adsorption isotherm in 
the region 0.05 < P/P0 < 0.3, based on the BET method
52. The BJH method53 was also 
adopted to calculate average pore diameters of the sample in the region 0.05 < P/P0 < 0.99. 
Pyridine adsorption followed by IR spectroscopy was performed using a Thermo-Nicolet 
8700 FT-IR spectrometer with an MCT/A detector. For every spectrum, 64 scans were 
accumulated at a resolution of 4 cm-1. The sample was pressed into the self-supported wafer 
and then mounted into a custom-built vacuum chamber with ZnSe window. The activation 
of the catalyst wafer was conducted at 500 °C at < 10-6 mbar for 12 h, and a background 
spectrum was taken after lowering the temperature to 150 °C. Pyridine was introduced into 
the chamber at a partial pressure of 0.1 mbar for 30 min. The spectrum for pyridine 
adsorption were taken after the chamber was evacuated for 30 min. After the experiment, 
the density of the catalyst wafer was determined by weighing a cutout of the wafer with a 
diameter of 6.35 mm (1/4 inch). The concentration of Lewis and Brønsted acid sites was 
determined by the integrated area of the peaks of chemisorbed pyridine and pyridinium 
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ions around 1445 and 1540 cm-1, respectively, the calculated density of the wafer, and the 
molar extinction coefficient of the catalyst. The molar extinction coefficients were taken 
from Datka et al..54 27Al MAS-NMR experiments were conducted with a Bruker DSX 400 
spectrometer, which uses 4 mm zirconia at spinning rate of 12 kHz. The resonance 
frequency for 27Al was 104.2 MHz. A /12 pulse was used, and the recycling delay was 
250 msec. Each spectrum consisted of a minimum of 2400 scans. Aqueous Al(NO3)3 was 
used as a reference compound ( = 0 ppm). Transmission electron microscopy (TEM) 
images were performed with a JEOL 100CX microscope using a 100 kV acceleration 
voltage.  The samples were prepared by applying a slurry of the catalyst in ethanol on a 
graphene coated, 200 mesh copper grid. The slurry was sonicated for 15 min prior to 
applying to the sample grid. The Pt particle size distribution was determined based on these 
micrographs. 
1.5.3 In-situ ATR IR spectroscopy 
All spectra were acquired again using a Thermo-Nicolet 8700 FT-IR spectrometer 
with a MCT/A detector. Each spectrum was collected with a resolution of 4 cm-1 and 32 
scans. The heated flow-through ATR cell containing an Internal Reflectance Element (IRE) 
crystal (ZnSe, 45°, 80 x 10 x 3 mm, Pike Technologies) was purchased from Pike 
Technologies. During the experiments, a spectrum was collected every 30 s. A suspension 
of 12.5 mg of catalyst in 10 mL of ultrapure water was prepared and sonicated for 30 min. 
The catalyst was deposited onto the ZnSe crystal in layers. After each deposition step, the 
water in the layer was allowed to evaporate at 60 °C in an oven. The process was repeated 
until all of the suspension was deposited on the crystal. For each experiment, 4 different 
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feeds were prepared in separate bottles: ultrapure water degassed with He, aqueous solution 
of 1 wt% of reactant (i.e. glycerol, sorbitol, and glucose) degassed with He, ultra-pure water 
saturated with O2 gas, and ultrapure water saturated with H2 gas. These feeds are henceforth 
referred to as H2O, reactant (i.e. glycerol, sorbitol, and glucose), O2(H2O), and H2(H2O), 
respectively. The solutions were saturated with the respective gasses for at least 4 h prior 
to the start of each experiment. The feed solutions were pumped into through the ATR-IR 
cell with an Agilent 1200, quaternary HPLC pump at a flow rate of 5.0 mL/min. The 
catalyst bed in the ATR cell was stabilized in a flow of degassed ultrapure water (5.0 
mL/min) for 3 h prior to the start of an experiment until the system reached a mechanically 
stable state of the catalyst bed (usually less than 1 hour, as observed by reaching an 
unchanging absorbance spectrum). To remove adsorbed carbonaceous contaminants from 
the catalyst, H2O, O2(H2O), and H2(H2O) was flowed through the ATR IR cell for 30 
minutes each.13 This cleaning procedure was repeated two times. The background was 
collected during the last minute of the cleaning procedure prior to the start of the 
experiment. During the experiments, different feed solutions flowed through the cell. A 
typical experiment consisted of 30 min of reactant solution, followed by H2O, and 
O2(H2O). This sequence was repeated to investigate the activity of the catalysts in the 
second use during APR. Before the second flow period of the reactant solution, H2O was 
flowed through the cell for 10 min to remove any dissolved O2 from the pores of the 
catalyst. Separate experiments were performed with glycerol, sorbitol, and glucose 
solutions as reactants at temperatures of 24, 50, and 72 °C. 
 19 
Thermo Fisher Scientific Inc. GRAMS 9.1 was used to analyze and integrate the 
peaks in the spectra. The peak of linearly bound CO was integrated from ca. 2125 to 2015 
cm -1, and the one bridging CO on Pt peak was integrated from ca. 1870 to 1734 cm-1.  
1.6 Result 
1.6.1 Catalyst characterization 
The results from N2 physisorption analysis are summarized in Table 1. The x-ray 
diffractogram in Fig. S1 shows two main peaks at 2θ = 44.6° and 66.7° that represent the 
(4 0 0) and (4 4 0) planes of the defective spinel structure of the -Al2O3 support.
55 The 
27Al MAS NMR spectrum contained two peaks at 7 and 63 ppm (Fig. S2), which are 
attributed to octahedrally and tetrahedrally coordinated Al atoms. The integrals of these 
peaks showed that the sample contained  77% octahedrally coordinated Al and 23% 
tetrahedrally coordinated Al species, which is typical for γ-Al2O3.
56 An average Pt size of 
3 nm was determined by measuring 177 Pt particles in TEM micrographs. IR spectra of 
adsorbed pyridine (Fig. S3) exhibited peaks from the b mode at 1448 cm
-1 and the a 
mode at 1613 cm-1 that are attributed to pyridine coordinated to Lewis acid sites. The 
concentration of Lewis acid sites was quantified at 18 mol/g (Table 0.1). However, the 
b mode of pyridine coordinated to Brønsted acid sites (i.e., pyridinium ions), which is 




Table 0.1. Results from N2 physisorption, TEM micrographs and the measurement of acid 
concentration of the catalyst (5 wt% Pt/γ-Al2O3). 
BET surface area 96 (m2/g) 
BJH adsorption surface area of pores 101 (m2/g) 
BJH desorption surface area of pores 119 (m2/g) 
BJH adsorption surface area of pores 0.24 (m2/g) 
BJH desorption surface area of pores 0.22 (m2/g) 
Adsorption average pore width 9.8 (nm) 
Average particle size of the Pt/-Al2O3 62.7 (nm) 
Concentration of Lewis acid sites 18 (mol/g) 
 
2.3.2 Identification of surface species formed during APR of polyol and sugar 
 
Figure 0.1. Flow period used during the cleaning cycle experiment (minuses time scale) 
and flowing reaction (plus timescale) 
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Figure 0.2. ATR-IR spectra of Pt/-Al2O3 catalyst layer during aqueous glycerol reforming 
after the sequential cleaning pretreatment. All of the spectra were taken after 10 min of 
their respective flow period. a). 1 wt% aqueous glycerol flow without catalyst b). 1st 1 wt% 
glycerol flow c). 1st H2O flow d). 1
st O2 flow e). 2nd 1 wt% glycerol flow f). 2nd H2O flow 
g). 2nd O2 flow. 
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When Pt/-Al2O3 coated on a ZnSe crystal was placed in an in-situ ATR-IR cell 
and exposed to an aqueous glycerol solution (1 wt%), the resulting IR spectra contained 
two strong peaks at 2009 and 1782 cm-1, which are attributed to the stretching vibrations 
of linearly bound CO (COL) and bridging CO (COB) on the Pt surface, respectively (Figure 
0.2b).13, 27, 58 Over the course of the aqueous glycerol flow (i.e., 30 min), these peaks 
gradually shifted to 2015 and 1787 cm-1, respectively, due to increasing dipole-dipole 
interactions with increasing coverage.43 The other peaks observed in these spectra are all 
attributed to various modes of glycerol according to Colthup et al. (Table 0.2).59 Any 
significant peak which can be attributed to hydroxyacetone and glyceraldehyde was not on 
the spectrum in any flow period. When comparing the peaks attributed to glycerol during 
aqueous glycerol flow over Pt/-Al2O3 (Figure 0.2a) to the spectrum of aqueous glycerol 
solution in the absence of a catalyst layer (Figure 0.2b), the changes in positions and shapes 
of the peaks were marginal. This indicates that most of the intensity of the glycerol peaks 
in the range from 900 to 1600 cm-1 comes from the liquid phase and that the peaks from 







Table 0.2. Vibrational modes of reactant solution over the empty ZnSe crystal and aqueous 










































asymCH2 2945 2943 2 2940 2943 2 2917 2913 4 
symCH2 2889 2887 2 2889 2890 4 2887 2881 6 
CH2 1462 1460 2 1462 1462 4  1460  
OH 1416 1411 5 1414 1411 -2 1432 1415 17 
CH 1334 1332 2 1334 1315 2 1315 1321 -6 
CH2 wag 1213 1213 0 1213 1216 1 1201 1203 -2 
CO 2° 1113 1113 0 1084 1084 0 1082 1080 2 
CO 1° 1045 1045 0 1047 1046 1 1035 1036 -1 
CH2 
Rock 
995 995 0 1008 1006 2 993 993 0 
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Figure 0.3. ATR-IR spectra of Pt/-Al2O3 catalyst layer during aqueous sorbitol reforming 
after the sequential cleaning pretreatment. All of the spectra were taken after 10 min of 
their respective flow period. a). 1 wt% aqueous sorbitol b). 1st 1 wt% sorbitol l flow c). 1st 
H2O flow d). 1
st O2 flow e). 2nd 1 wt% sorbitol flow f). 2nd H2O flow g). 2
nd O2 flow 
As soon as the aqueous sorbitol feed was flowed into the cell, COL and COB were 
observed again as dominant surface species (Figure 0.3b). The maximum of the COL peak 
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shifted from 1998 cm-1 to 2007 cm-1 during the sorbitol flow period, while that of COB 
shifted from 1772 to 1778 cm-1.  
Peaks located between 950 and 1550 cm-1 are attributed to both adsorbed sorbitol 
and sorbitol in the aqueous phase. (Figure 0.3b). In contrast to the aqueous glycerol feed 
(Figure 0.2b), which exhibited two distinct C-O 2° and C-O 1° modes at 1113 and 1045 
cm-1, the C-O modes of sorbitol gave rise to several peaks at 1130, 1084, 1047 and 1027 
cm-1, which might be due to diverse ways for primary and secondary alcohol of sorbitol to 
interact with H2O (Figure 0.3b). The differences of peak positions in the absence and 
presence of the catalyst bed were larger in the experiment with sorbitol compared to 
glycerol. After 30 min of pure water flow, peaks of the OH, CO 2° and CO 1° modes 
of sorbitol-derived surface species remained at 1404, 1086, and 1037 cm-1, respectively. 
Additional peaks remained at 2918, 2850, and 1149 cm-1 and are attributed to the asymCH2, 
symCH2, and CO modes of surface alkoxy species on the Al2O3 support.
49 During the 
subsequent O2(H2O) flow, COL and COB surface species were converted into carbonates, 
as indicated by the peaks at 1698, 1498, and 1393 cm-1(). Also, the remaining OH and 
CO peaks at the end of this flow period (Figure 0.3d) indicated that certain irreversibly 
adsorbed surface species could not be entirely removed by O2. The reintroduction of the 
aqueous sorbitol feed produced a spectrum (Figure 0.3e), which contained the same peaks 
like the one after the first 30 min of feeding the aqueous sorbitol solution. During the 
second H2O flow period (Figure 0.3g), the intensity of the peaks decreased sharply again, 
but the residual intensities of the modes of asymCH2, symCH2, CH2, and CO were slightly 
higher compared to first H2O flow period. This observation indicates that some of the 
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surface species accumulated on the catalyst surface even though the catalyst was subject to 
the pretreatment of oxygen-saturated water before the re-entering of the reactant. 
 
Figure 0.4. ATR-IR spectra of Pt/-Al2O3 catalyst layer during aqueous glucose reforming 
after the sequential cleaning pretreatment. All of the spectra were taken after 10 min of 
their respective flow period a). 1 wt% aqueous glucose b). 1st 1 wt% glucose l flow c). 1st 
H2O flow d). 1
st O2 flow e). 2nd 1 wt% glucose flow f). 2nd H2O flow g). 2




Figure 0.5. 13C NMR spectra of [C13] glucose impregnated on -Al2O3 
 
 
Scheme 0.1. Possible adsorption structure of glucose on Pt surface 









































































When the aqueous glucose solution was passed over Pt/-Al2O3, the modes of COL 
and COB gave rise to peaks at 1982 and 1744 cm
-1, respectively (Figure 0.4b) and the COL 
and COB blue-shifted to 2007 and 1770 cm
-1 due to the dipole-dipole coupling in a similar 
way as we observed in the case of glycerol and sorbitol. However, these peaks were 
significantly less intense than the those of the same species during the conversion of 
aqueous glycerol and sorbitol feeds. The spectrum of 1 wt% glucose in aqueous solution 
exhibited strong bands in the  cm-1 region involving CO modes of COH and 
COC groups and multiple medium bands in the 1460-1200 cm-1 region attributed to CH2 
deformation (CH2), and CH2 wagging, and OH in-plane deformation (OH) ((Figure 
0.4a). Interestingly, the interaction of glucose with the catalyst (Figure 0.4b) produced a 
peak at 1409 cm-1, which can be attributed to CO of the  configuration of glucose 
(Scheme 1).60 The unexpected CO vibration indicates that glucose has a different structure 
on the surface of the catalyst compared to glucose in pure H2O and this structure change 
might be mostly related to the ring opening of glucose. The absence of a peak 
corresponding to a carbonyl group (190 – 205 ppm) in the 13C MAS NMR spectrum of 
glucose on -Al2O3 showed that ring-opening does not occur when glucose adsorbs on -
Al2O3 (Figure 0.5). The exclusive existence of cyclic glucose in -Al2O3 indicates that the 
Pt particles induced ring-opening of glucose. However, the configuration of adsorbed 
glucose which existed at 230 K at a different study in high vacuum60 was not observed in 
our current study. After 30 min of pure water flow, peaks of the OH, CO 2° and CO 1° 
modes of sorbitol-derived surface species remained at 1404, 1088, and 1047 cm-1, 
respectively. An additional peak at 1149 cm-1 is attributed to CO modes of surface alkoxy 
species on the Al2O3 support. During the subsequent O2(H2O) flow, COL and COB surface 
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species were converted into carbonates, as indicated by the peaks at 1698, 1498, and 1393 
cm-1(Figure A. 5). 
1.6.2 Evolution of surface species formed in response to change in temperature 
 
Figure 0.6. ATR-IR spectra during first H2O flow period. All of the spectra were taken 
after 10 min of their H2O flow period. 1 wt% aqueous glycerol flow at 24 °C (a), 50 °C (b), 
72 °C (c), 1 wt% aqueous sorbitol flow at 24 °C (d), 50 °C (e), and 72 °C (f) 
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The influence of the reaction temperature on the formation of surface intermediates 
from glycerol, sorbitol, and glucose was investigated by comparison of the IR spectra 
obtained after feeding the aqueous oxygenate solution for 30 min, followed by 10 min of 
pure H2O flow at 24, 50 and 72 °C (Figure 0.6). This approach was taken to reduce the 
spectral contribution from oxygenates in the aqueous phase. The reforming of glycerol 
mostly did not generate strongly bound surface intermediates compared to sorbitol and 
glucose (Figure 0.6 a, b, and c) at 24, and 50 °C. However, the existence of the small peak 
of OH and CO at 1140 and 1060 cm-1 indicates that alkoxy was present on the -Al2O3 
support. Increasing temperature up to 72 °C produced in the broad peak around 1300, and 
1060 cm-1 which can be attributed to the combination of  CH2 and CH3, and CO of 1 or 
2-hydroxypropanal via dehydration of glycerol on the -Al2O3 support due to the increased 
temperature.27  
Several prominent surface species were formed from the interaction of sorbitol with 
the catalyst at all temperature studied (Figure 0.6d, e, f). Specifically, the broad peaks of 
CO modes existed between 1000 and 1200 cm-1, and the OH peak at 1403 cm-1 was 
observed due to the existence of diverse alcohol groups after the decomposition of sorbitol 
via C-C bond cleavage. The broad peaks in this region indicate that many types of alcohol-
derived surface species are present. Increase in temperature to 72 °C (Figure 5d, e, and f) 
produced a broad peak around 1300, which can be attributed to the combination of CH2 
and CH3, and 1147 cm
-1 attributed to CO of alkoxy surface species. We observed that 
the intensity of CO 1° of surface intermediates from sorbitol at 72 °C noticeably decreased 
compared to 24, and 50 °C, which might indicate that primary alcohol groups of surface 
species near the metal-support interface are dehydrogenated. Therefore, the not fully 
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decomposed portions of sorbitol may reside on the metal-support interface due to more 
degree of dehydrogenation at high temperature.  
Interestingly, glucose formed similar surface species as sorbitol with peaks of OH, 
CO 2°, and two CO 1° at 1403, 1144, 1076 and 1057 cm-1. Again, the spectrum at 72 °C 
(Fig. 5g) exhibited that CO 1° at 1016 cm-1 became significantly reduced compared to the 
spectrum at 24 and 50 °C (Fig. 4h and 4i). The most prominent difference at 72 °C is 
noticeably broader CH2 and CH3 regions around 1300 cm
-1. 
1.6.3 Kinetics of APR of glycerol, sorbitol, and glucose 
 
Figure 0.7. Spectrum take after 1 min of exposure of a). glycerol b). sorbitol c). glucose 
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The spectral region of adsorbed CO species after 1 min of exposure to aqueous 
glycerol, sorbitol, glucose feeds is plotted in Figure 0.7. Increasing CO coverage on the Pt 
particles led to increasing dipole-dipole interactions, which caused a blue-shift of the CO 
modes.43 A spectrum taken after 1 min exposure exhibited that the frequency of CO modes 
in the order of glycerol, sorbitol and glucose. Interestingly, the COB modes at 1747 cm
-1 
decomposed from glucose was able to be deconvoluted into peaks at 1776 and 1743 cm-1, 
possibly due to the hindered dipole-dipole interactions (Figure 0.7c).  
Figure 0.8. Integrated peak area of the COL mode as a function of time and types of 
reactants at 24 °C  
Figure 0.8. Integrated peak area of the COL mode as a function of time and types of 
reactants at 24 °C 
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Figure 0.9. Integrated peak area of the COB mode as a function of time and types of 
reactants at 24 °C 
The integration of COL and COB surface species as observed in Figure 0.7 
continuously changed during 1st and 2nd aqueous reforming of glycerol, sorbitol, and 
glucose. The rates of formation and conversion of COL and COB as well as the abundance 
of these species in different experiments were investigated based on the integrals of the 
respective peaks (Figure 0.9-13). During the conversion of all reactants at all temperatures 
studied here, COL and COB were formed when the aqueous oxygenate solution was flowed 
through the cell for 30 min. The conversion of glycerol at room temperature resulted in the 
largest integrated area of the COL, which was 1.5 and 4.7 times higher than the integrated 
area of COL from sorbitol and glucose, respectively (Figure 0.8). Figure 0.9 shows that the 
highest area for COB was reached after 6 min and 9 min during glycerol and sorbitol flow 
period, respectively and was followed by a gradual and linear decrease throughout the 
period in which glycerol or sorbitol were fed and the following H2O flow period. The 
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intensity of the COL peaks formed from glycerol and sorbitol remained approximately 
constant during the H2O flow period.  
Figure 0.9 shows that COB formed during glucose flow exhibited the saturation 
behavior up to the end aqueous glucose flow period, which is similar to the trend of COL. 
This saturation behavior led to the 15 % higher coverage of COB compared to the maximum 
coverage of COB formed from sorbitol (Figure 0.9). Without a continued supply of reactant 
during the H2O flow period, COB produced from glucose exhibited a gradual and 
approximately linear decrease the same as glycerol and sorbitol with a lower rate. 
Surprisingly, in case of glucose, the intensity of the COL band continuously increased in 
the absence of reactants in the feed during H2O flow period. After 30 min of H2O flow, it 
had increased by 40 % compared to the COL band after the aqueous glucose flow (Figure 
0.9). Figure A. 5 shows that the increase in the intensity of the COL band coincided with a 
decrease of the peaks corresponding to the CO mode of adsorbed glucose, which indicates 
that a reduction in the density of glucose on the surface allows for the production of 
additional COL. The ratios of the integral of the COL to COB peaks from glycerol and 
sorbitol was approximately 2 at the end of the period in which the oxygenate solution was 
provided. In contrast, a much smaller COL/COB ratio of 0.57 was observed after 30 min of 
aqueous glucose flow.  
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Figure 0.10. Integrated peak area of the COL mode as a function of time and types of 
reactants at 50 °C 
 
Figure 0.11. Integrated peak area of the COB mode as a function of time and types of 
reactants at 50 °C 
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The evolution of the integrated regions of COL and COB during APR at 50 °C 
during the two sequences of aqueous reactant, H2O, and O2 (H2O) flow showed similar 
trends compared to the experiments at 24 °C (Figure 0.10 and Figure 0.11). The increased 
reaction temperature led to an increase in the maximum coverage of COL during the 
conversion of all reactants sorbitol and glucose (Figure 0.11). Likewise, the maximum COB 
coverage from glucose increased (Figure 0.11). The maximum coverage of COB was 
observed after 6.2 and 6.7 min during the conversion of glycerol and sorbitol, respectively, 
followed by a gradual and almost linear decline that extended throughout aqueous reactant 
flow until the end of the H2O flow period. Interestingly, glucose produced the most COB, 
with integrated peak areas that were 27% and 45% larger than for the COB peaks during 
the conversion of glycerol and sorbitol. In contrast, the conversion of glycerol and sorbitol, 
the peak area of COB from glucose exhibited saturation behavior while the aqueous glucose 
solution was fed and a sharp decrease at the beginning of the H2O flow period. Then, the 
area of the COB peak showed the similar gradual decline as observed in the corresponding 
pure H2O flow period after conversion of glycerol and sorbitol. 
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Figure 0.12 Integrated peak area of the COL mode as a function of time and types of 
reactants at 72 °C 
 
Figure 0.13 Integrated peak area of the COB mode as a function of time and types of 
reactants at 72 °C 
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At a reaction temperature of 72 °C, the maximum peak area of COL was higher than 
at 50 °C, and the peak area of COL decreased during the water flow period (Figure 0.12). 
The area of the COB peak surface species exhibited a similar behavior for all the reactants 
with maxima after 0.6, 2.5, and 4.5 minutes for glycerol, sorbitol, and glucose, respectively 
(Figure 0.13). Then, it decreased sharply even in the presence of the reactants. During the 
H2O flow period, the observed rate of COB conversion became slower. In case of COB from 
glycerol, sorbitol and glucose, the rate of conversion at this stage was even slower than at 
24 and 50 °C.  
Up to 24 and 50 C, during the second use of the catalyst for the decomposition of 
glycerol, sorbitol, glucose, the coverage of COL and COB did not change compared to the 
first use of the catalyst. Also, during the second use of the catalyst for the decomposition 
of sorbitol, the coverage of COL and COB did not change compared to the first use of the 
catalyst. However, at a reaction temperature of 72 °C, Figure 0.13 shows the coverage of 




Figure 0.14 The initial rate of formation of COL by Integrated peak area of the COL mode 
after 1 min of exposure of reactants as a function of temperature. 
To investigate the rate of formation of COL and COB at the initial contact of 
reactants on the catalyst, the rate of the increase in the integrated area for COL and COB 
from glycerol, sorbitol, and glucose is plotted in Figure 0.14 as a function. The initial rates 
of formation of both COL and COB were fastest during the conversion of glycerol over Pt/-
Al2O3, compared to sorbitol and glucose. The rates of COL formation from all reactants 
increased to a similar extent with increasing temperature. The only exception was a sharp 
increase in the initial rate of formation of COL from glucose at 72 °C (Figure 0.7). The 
initial rate of COB formation changed less as the temperature increased. During the 
conversion of glycerol and sorbitol, it decreased slightly as the temperature increased from 
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24 to 50 °C, and then increased when the temperature increased further to 72 °C. The initial 
rate of COB formation from glucose showed a continuous increase, starting from a very 
low value at room temperature.  
1.7 Discussion 
1.7.1 Surface species during APR of glycerol, sorbitol, and glucose 
It is well-known that polyols can be converted to CO2 and H2 in the reforming process 
in the condensed phase.4, 13, 18, 27, 61-62 The decomposition of glycerol in aqueous 
environment produced metal carbonyls (CO) as dominant surface species.13, 18 In addition, 
the decomposition of glycerol in APR over Pt/-Al2O3 produced keto or aldehyde group 
within the oxygenate by observing a mode of C=O mode at 1720 cm-1 using ATR-IR 
spectroscopy.27 Lercher group suggested that the dehydrogenation of hydroxyl groups at 
primary carbon atoms of polyols is followed by decarbonylation and subsequent water gas 
shift as the main reaction pathway to produce H2 and CO in APR process over Pt/-Al2O3.
27 
Therefore, many surface studies observed COL, COB, and H atoms as dominant surface 
species on Pt metals. 
A study of methanol reforming over Pt/-Al2O3 in vapor and liquid phase using ATR-
IR spectroscopy exhibited that CO surface species were observed as dominant surface 
species at 373 and 423 K.18 In the study, the surface coverage by adsorbed CO increased 
as the methanol feed concentration increased due to a decrease in the number of vacant 
sites available for methanol to adsorb and decompose poisoned by adsorbed CO. Also, it 
was found that adsorbed hydrogen reduces the number of surface sites that are available 
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for activating methanol. Copeland et al. also found that exhibited that the decomposition 
of glycerol in aqueous phase over Pt/-Al2O3 produced two types of CO surface species 
which consist of linear CO (COL) and bridge CO (COB) on the surface at room 
temperature.13  
Dumesic et al. proposed the reaction pathways20 for APR of polyols, but the 
observation of surface species in addition to metal carbonyl (CO) will elucidate the 
complex reaction network. The reforming of ethylene glycol at 723 K and 50 bar produced 
methanol, ethanol, and acetic acid as by-products and IR spectrum of the spent catalyst 
showed adsorbed acetic acid, which was proposed as a precursor to cokes, leading to the 
deactivation of catalyst. a study on electrochemical glycerol oxidation in acidic media 
revealed that on the Pt (111) glyceraldehyde, glyceric acid, and dihydroxyacetone are 
products, but the only glyceraldehyde is a sole product on Pt(100). In the same study, IR 
spectra showed that carbonyl compounds, like aldehydes, ketones, and carboxylic acid, are 
formed as intermediates of the glycerol oxidation by observing a peak at 1740, 1420, and 
1250 cm-1. 
To form metal carbonyl (C=O), the C-C bond cleavage mainly takes place on the metal 
sites through dehydrogenation and decarbonylation. On the other hand, dehydration 
primarily occurs at acidic metal oxides, leading to the C-O bond cleavage, which requires 
higher activation energy than C-C bond cleavage.28, 63 Also, ethylene glycol over crystal Pt 
and alumina supported Pt only forms syngas via the full decomposition both at vacuum 
and in aqueous conditions at room temperature. Also, instead of bond breaking, glycerol 
on -Al2O3 in aqueous environment at room temperature is reported to form a bridging 
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alkoxy bond through a primary alcohol group to two coordinately unsaturated metal atoms 
on diverse metal oxides including Al2O3.
50 In our study, all oxygenates considered 
produced COL and COB as dominant surface species. It is well-known that the size of Pt 
particle mainly controls the distribution of COL and COB due to the different affinity of CO 
surface species to the defect and terrace sites on Pt surface.64-65. Since experiments were 
conducted with the same of the size of Pt particle supported on - Al2O3, it is highly 
unlikely that the different feedstocks significantly change the size of the particle during the 
APR at the room temperature. Therefore, any change in the coverages of CO species should 
be due to the types of reactants and their inhibiting effects on active sites for the formation 
of CO. Increase in chain-length from glycerol to sorbitol produced less formation of COL 
on Pt surface at the same temperatures, leading to the low ratio of COL to COB. Also, 
glucose which undergoes ring-opening before C-C bond cleavage produced less CO 
coverage than sorbitol. Therefore, three different oxygenates led to the different ratio of 
COL to COB on the same catalyst, which indicates the types of reactants also affect the 
types of CO surface species formed on Pt during APR.  
At the lower coverage, both COL and COB occupy at Pt (335) edge sites with lower 
coordination number, and at the high coverage, the COL and COB start to occupy the terrace 
sites with high coordination number.66 Therefore, the peak frequencies of COL and COB 
migrated from low to high frequency as the surface coverage of CO on Pt increase.66 In our 
study, all the COL and COB formed at the lower frequency and migrated into high frequency 
(Table A. 1), which indicates that all of the oxygenates are decomposed on Pt surface with 
lower coordination number, and CO saturated the Pt surface with high coordination number 
at the end of aqueous oxygenate flow period. The consistent peak migration of COL and 
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COB frequencies regardless types of oxygenates indirectly indicates diols and sugars are 
more easily decomposed on Pt edge sites with low coordination number. This interpretation 
can be further strengthened by a DFT studies in which Pt (211) surface was calculated to 
have a higher activity for decomposition of ethylene glycol than Pt (111) surface.28  
Figure 0.7 shows that immediate contact of glucose with the catalyst bed generated 
convoluted COB neighboring unreacted glucose, the gradual increase in the coverage of 
COL was observed. This observation indicates that the removal of neighboring glucose 
which adsorbs in a cyclic form promotes the ring opening of glucose near Pt surface to 
form CO on the surface via decarbonylation at the C1 position, instead of desorbing 
immediately by water. The correlation between the integrated area of COL and peak height 
of stretching C-O mode of the secondary carbon (2°) of glucose in the in-situ spectrum 
during H2O flow period also further supports the steric effect of neighboring cyclic glucose 
on the formation of CO. The effect of the configurations of adsorbed glucose on the 
transformation of cyclic to acyclic glucose on Pt surface has not been studied so far. 
However,  From the DFT studies, it is proposed that the ring opening of glucose is predicted 
to take place at C1 position mainly,67 which indicates that glucose should approach the 
active sites of Pt in a favorable orientation for ring-opening. Therefore, it is plausible that 
steric effect of the presence of neighboring cyclic glucose prevents glucose from opening 
a ring structure, leading to the significantly reduced coverage of CO on Pt surface. In 
response to increases in temperature, the coverage of COL increased, which indicates that 
some of the sites become more available for the formation of CO at high temperatures. At 
lower temperatures, the decomposition of glucose produced by Pt produced much less 
coverage of COL compared to glycerol and sorbitol due to the steric effect from unopened 
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cyclic glucose as discussed previously. Interestingly, the steric effect which prevents 
glucose from opening itself and forming CO was not observed at high temperatures, 
leading to slightly higher coverage of COL than sorbitol. This result indicates the steric 
effect due to the neighboring glucose on Pt becomes negligible for glucose decomposition. 
Recent study investigated the difference activity of alcohol and aldehyde group on metal 
surface using glycolaldehyde as a probe molecule and found that the decomposition of 
glycolaldehyde on Pt(111) does not require the C-H scission step, leading to higher activity 
than ethylene glycol for the formation of CO.68 At the same study, it was found the presence 
of C=O functionality does not significantly affect the decomposition pathways of C2 
oxygenates, leading to the same product distribution as in ethylene glycol.69 Even though 
glucose has more alcohol groups than glycoaldehyde, the presence of aldehyde group at 
C1 in glucose which would only require decarbonylation for the formation of CO is highly 
likely to positively affect the CO coverage at high temperatures in the absence of steric 
effect from the ring-opening step of glucose.  
COL and COB tend to exhibit different activities for the formation and conversion 
into CO2 by oxidation. In our study, COL and COB exhibited the different activity for WGS 
reaction in a way that only the integrated area of COB decreased with the same rate of 
disappearance regardless the types of reactants in H2O flow period at low temperatures. 
This observation agrees well with the previous study where Copeland revealed that COB 
formed during APR of glycerol is only active for WGS reaction on Pt even at room 
temperature and the binding sites for COB seem to be Pt sites that H atoms preferentially 
also bind, leading to the competitive adsorption between COB and H.
13, 18 The trend 
observed for COB formed during glycerol and sorbitol flow period showed the gradual and 
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linear decrease both in the aqueous reactant and subsequent H2O flow period since 
adsorbed hydrogen atoms  from decomposition of glycerol and sorbitol prevent glycerol or 
sorbitol from further forming COB  at the sites where COB is first oxidized via WGS 
reaction.  However, glucose period exhibited the saturation behavior which indicates 
adsorbed hydrogen atoms which competitively occupy active Pt sites with COB less 
inhibited, which makes sites more available for COB species. The most probable source of 
hydrogen atoms on Pt surface is from the decomposition of glucose since the water splitting 
by Pt is very slow in an aqueous environment at room temperatures.70 Hydrogen atoms 
should be generated at the Pt sites and need to move onto the terrace sites to preferentially 
block COB sites. The cyclic glucose on the metal support interface which preferentially 
consists of kinks and edge sites is relatively hard to open ring structure due to the steric 
effect, resulting in the decreased coverage of COL and relatively small effect on the 
coverage of COB. This relatively weak steric effect on terrace sites compared to the edge 
and kink sites near the metal-support make terrace sites more available for COB binding 
compared to the linearly-structured polyols.  
The temperature increase from 50 to 72 °C significantly changed the kinetics of CO 
surface species in respect of oxidation of CO surface species via WGS reaction. Distinctly, 
the disappearance rate of COL after reaching noticeable high coverage from glycerol and 
glucose became sharper than the oxidation of COB in the absence of reactant during H2O 
flow period. However, in our results, COB preferentially bound to terrace sites seemed to 
exhibit the reduced disappearance rate at high temperatures compared to the trend of COB 
in the H2O period at low temperatures. This result may indicate that the activation energy 
barrier of COL was reduced at high temperatures. There are many studies on changes in 
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activation energy for CO oxidation depending on the coverage. For example, at high 
coverage,  the coverage of CO on Pt surface affects the rate of oxidation of CO since the 
CO-CO interactions within closely packed adsorbates often cause the ordering and 
oscillatory behavior of Pt single crystals, leading to a significant drop in activation energy 
for CO oxidation.71 Also, recent studies show that intrinsic non-uniformity of Pt crystals 
cause minor catalytic consequences when the surface is fully saturated with CO.72 
However, increase in temperature is not allowed to preferentially increase the oxidation 
rate of COL with high activation energy and at the same time, decrease the oxidation rate 
of COB with low activation energy. Therefore, this coverage-dependent activation energy 
for CO species cannot be directly applied to interpret the current observation. Therefore, 
instead of the direct oxidation of COL to CO2 via WGS, we propose the transformation of 
COL into COB as an initial step, and then COB undergoes WGS reactions. The rate of 
disappearance of COB was much sharper at 72 than 24 and 50 °C, but the rate decreased 
sharply when aqueous reactant flow changed to pure H2O flow period. It is reported that 
strong COL is significantly unstable at high converges due to the dipole-dipole coupling of 
COL.
71. It is known that water can induce the interchange between COB and COL.
73 
Therefore, the sharp drop of COL coverage coupled with almost constant coverage of COB 
during H2O flow period may be a consequence of the two-step oxidation of COL to CO2 by 
water. Although this interpretation agrees well the observations, further experiment is 
required to confirm the two-step mechanism of WGS reaction on CO surface species on Pt 
particles.  
Our study indicates that a shorter-chain length polyol is efficient in forming CO on 
metal particles. However, this efficiency cannot be directly applied to reaction yield since 
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it must deal with CO poisoning during the reaction, which requires high operation 
temperature in the reactor for the oxidation of CO via WGS reaction. However, it is 
reasonable assumption that the reduced coverage when using the polyols with a high 
number of carbons in the backbone affects the yield and selectivity and H2 production when 
considering WGS reaction as a rate-limiting step during APR reaction. 
1.8 Conclusion 
We studied the effect of size and functionality of biomass-derived oxygenates on 
the formation of surface species on 5 wt% Pt/-Al2O3 in aqueous phase reforming (APR) 
reaction using in-situ ATR-IR spectroscopy. Specifically, kinetics of formation and 
conversion of linearly bound and bridging CO from glycerol, sorbitol, and glucose are 
studied at different temperatures. Regardless types of reactant, the formed COB from the 
decomposition of the reactants is more susceptible to WGS reaction, but increasing 
temperature from room temperature to 72 C for APR reaction induced inactive COL to 
start to undergo oxidation via WGS reaction. Interestingly, the reforming of glucose 
exhibited significantly reduced conversion into CO surface species on Pt due to the steric 
effect in the presence of neighboring acyclic glucose. The unreacted portion of glucose 
readily converted into CO surface species when acyclic glucose near the Pt surface is 
absent. Also, compared to the fresh catalyst for reforming reaction of polyols and sugars, 
the second use of the catalyst when the temperature reached at high temperatures (72 C) 
generated the formation of CO surface species. This phenomenon is highly likely to be 
related to the accumulation of unreacted portion surface intermediates decomposed from 
at the interface between Pt and alumina support. 
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Investigate Adsorption of C3 Oxygenates on Heteroatom (Sn, Mo, and 
W) doped Beta Zeolites and the Effect of Water using Infrared 
Spectroscopy 
1.9 Introduction 
Biomass conversion over heterogeneous catalysts is a candidate to build economical 
and energy-efficient processes for the sustainable production of fuels and chemicals since 
they are more easily recovered than homogeneous catalysts. In contrast to petroleum 
feedstocks, biomass-derived oxygenates contain a high extent of functionality (e.g., -OH, 
-C=O, -COOH). Therefore, the development of solid catalysts to selectively convert the 
biomass-derived oxygenates with having a high degree of functionality into value-added 
products in the condensed phase is thereof of considerable interest. In this respect, recently, 
metal centers incorporated into the framework of zeolites have been studied as solid Lewis 
acid catalysts such as TS-1 and Sn-grafted MCM-41 due to their ability to activate carbonyl 
functional groups in oxygenates.74-75 
Beta zeolites, which incorporate metals such as Ti, Hf, Zr, Nb, Ta, and Sn as 
framework atoms, have exhibited high activity for the inter- and intramolecular Meer- 
wein−Ponndorf−Verley (MPV) reduction of aldehydes and ketones,76-78 the 
Baeyer−Villiger oxidation of ketones to lactones,79-81 the isomerization/epimerization of 
glucose,82-86 C-C coupling,87-92 and hydrogen transfer reactions.93-95 It has been reported 
that there are two types of framework Sn sites, one consisting of Sn(−Si−O−)4 (closed sites) 
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and the other one having one of the Sn−O−Si bonds hydrolyzed to generate a (−Si−O−)-
3Sn−OH site (open sites). The open sites have been suggested to be more active than the 
closed sites for the Baeyer−Villiger and Meerwein−Ponndorf−Verley reactions.96-97 
Despite these increasing number of applications of Lewis acid zeolites, there still exist 
many open questions about these materials dues to the lack of fundamental understanding 
of the nature of their active sites. 
A significant advance in the characterization of Brønsted sites associated with 
framework Al in silica zeolites came when observing that many adsorbates form distinct 
surface complexes with the acid sites.98-99 Spectroscopic techniques to investigate the 
reactivity of various complexes were useful for understanding reactions at the acid sites 
and for predicting the chemistry of other molecules.98-99 Therefore, the proper choice of 
probe molecules that have similar functionality to biomass-derived oxygenates can enable 
studies of surface reactions to contribute the understanding the molecular configuration of 
adsorbed surface reactant and formed intermediates surface on the active sites. However, 
only a few studies probed the active sites of beta zeolites with probe molecules to 
understand the chemistry taking place in solid Lewis acid catalyst. In one of a few studies, 
IR spectra of pyridine adsorption was used to correlate the frequencies of adsorbed pyridine 
on different Lewis acid sites (i.e., Ti, Zr, Nb, Ta, Sn, Ga, and Al-beta) with the Lewis acid 
strength, but exhibited the limited reliability due to a narrow range of peak frequencies 
from 1445 to 1454 cm-1.100-102 Another study used temperature-programmed desorption 
(TPD) and thermogravimetric analysis (TGA) and found that acetonitrile and diethyl ether 
formed 1:1 complexes with Sn sites in beta zeolites and decomposed reversibly upon mild 
heating in vacuum.14 In the same study, 2-methyl-2-propanol underwent dehydration to 
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butene and water over a very narrow temperature range centered at 410 K over Sn BEA. 
These studies were helpful to predict the characteristics of Lewis acidic beta zeolites using 
simple oxygenates.  
The configuration of adsorbed species and its reactivity of oxygenates depends on 
the type of heteroatoms incorporated into beta zeolites, leading to the possibility that we 
can tune the strength and size of Lewis acid sites by the identity of heteroatoms into the 
beta zeolite topology.103 The catalytic activity of a Lewis acid for oxidation relies on its 
ability to form acid-base adducts with the substrate. This indicates that effective electron 
transfer from Lewis base to the Lewis acid, which is proportional to the energy difference 
and degree of overlap between the occupied orbitals of the base and the empty orbitals of 
the acid, is important for the activity.104 Another factor to consider the acid-base interaction 
for Lewis acid chemistry is the HSAB (hard–soft acid–base) principle where hard acids 
coordinate preferentially to hard bases and soft acids with soft bases.105 Also, the size of 
metal incorporated into beta zeolites was reported to play a role in the isomerization of 
glucose. Many metal chlorides as homogeneous catalysts catalyze the isomerization of 
glucose into mannose through competing pathways including 1,2 hydride transfer and the 
Bilik reaction.106 Angyal suggested that Ca(OH)2 and La(OH)3 is highly active for glucose 
epimerization, since Ca2+ and La3+ have an ionic radius (0.99 and 1.05 Å , respectively) that 
was optimum to form a stable complex with the sugar substrate, while the inactive metal 
hydroxides, which have either too small or too big are inactivity.107 When considering a 
possibility of tuning the properties of Lewis acidic zeolites by incorporating metals into 
the zeolite topology,103 systematic approach toward finding a correlation of the properties 
of Lewis acid center such as electronegativity, hardness of Lewis acid, and size of metal 
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with the types of adsorbates and its configuration will contribute to the understanding of 
Lewis-acid catalyzed biomass conversion. Furthermore, this information will be quickly 
transformed into database to predict chemistry in biomass upgrading using various Lewis 
acidic micro- and mesoporous materials. 
Transformation of biomass often operates at a low temperature in the liquid phase 
where complex solute-solvent-catalyst reaction networks exist.41 Sn BEA was reported to 
undergo a structural change of Sn active sites from tetrahedral to octahedral coordination 
in the presence of water when two H2O molecules are coordinated with Sn sites.
91 The 
hydrophobicity of defective Sn beta prepared in a hydrothermal method often exhibited 
much higher yield and selectivity than Sn beta prepared using the post-synthetic method 
with abundant of silanol nest, which indicates that water inside pore of zeolites negatively 
affects the activity of Sn sites.108 In addition to suppressing reactivity, solvent can also 
catalyze reactants to take a different reaction path over the same metal sites. For example, 
Sn-BEA catalyzes glucose−fructose isomerization via a 1-2 intramolecular hydride shift in 
water and glucose−mannose epimerization via a 1,2 intramolecular carbon shift in 
methanol.84 These observations motivate to examine the configuration of adsorbed surface 
species in the presence of water and methanol as prototypical solvents.  
In this work, we incorporate group VI (Mo and W) and XIV (Sn) metal atoms into 
the framework of beta zeolite. These metals have different electronegativities, Lewis acid 
hardness, and ionic radii. We investigate the properties of the Lewis acid sites in the three 
solid acid catalysts with model oxygenates (acetone, and hydroxyacetone) using high 
vacuum transmission FT-IR spectroscopy. These results allow us to deduce the dominant 
properties of active metal sites that control the activity of aldol-condensation and 1-2 
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hydride shift in these materials. Lastly, we address the effect of types of solvent on the 
configuration of adsorbed species from acetone and hydroxyacetone to provide insight into 
the choice of solvent for this class of catalysts. 
1.10 Experimental Methods 
1.10.1 Material Synthesis 
Ammonium BEA, obtained from Zeolyst (CP814E*, Si/Al = 25) was calcined at 
550 °C (ramp 3 °C/min, hold 6 h) to obtain HBEA. Then, 15 g of HBEA was dealuminated 
by refluxing in 13 M HNO3 (20 mL acid/g of HBEA, prepared using 70 wt% nitric acid 
from Sigma Aldrich and 18.2 MOhm water) for 20 h. The mixture was then diluted to 1 L 
with 18.2 MOhm water, and then vacuum filtered and washed with 18.2 MOhm water until 
the filtrate was neutral. Then, the deAlBEA was dried overnight at 110 °C, collected, and 
once again dealuminated/filtered/dried using the same procedure. 
To synthesize Sn, Mo, and W incorporated into BEA, 2 g of the deAlBEA was 
dried under vacuum at 150 °C overnight, brought into the glovebox under vacuum, and 
then physically mixed and ground in an agate mortar for 15 min with the appropriate 
precursor to produce the desired wt% of Sn, Mo, or W supported on BEA. Sn(OAc)2 from 
Sigma Aldrich, Mo2(OAc)4 from Strem Chemicals, and WOCl4 from Sigma Aldrich were 
used as the precursors. 
The mixture was then loaded into a quartz tube with a two-neck adapter and taken 
out of the glovebox still under N2. Then, the mixtures were heated either to 500 °C (Mo, 
W) or 550 °C (Sn) (2 K/min, hold at temp for 12 h) under 150 mL/min flowing Argon 
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(UHP, Airgas). After these 12 h, the flow was then changed to 150 mL O2 (UHP, Airgas), 
and the materials were calcined for 3 h. After this, the materials were exposed to air for the 
first time and packed into vials for sending. 
1.10.2 Catalyst Characterization 
X-ray diffraction (XRD) patterns of 5 wt% Pt on -Al2O3 were obtained with a 
Philips X’pert diffractometer using an X’celerator module using Cu K radiation. 
Diffractograms were collected at incident angles from 2θ = 5° to 70° with a step size of 
0.0167°. Nitrogen physisorption measurements were taken using a Micromeritics ASAP 
2020 Physisorption Analyzer. Samples were degassed under vacuum at 250 °C for 4 h prior 
to analysis. The surface area of the sample was calculated from the adsorption isotherm in 
the region 0.05 < P/P0 < 0.3, based on the BET method
52. The BJH method53 was also 
adopted to calculate average pore diameters of the sample in the region 0.05 < P/P0 < 0.99. 
Pyridine adsorption followed by IR spectroscopy was performed using a Thermo-Nicolet 
8700 FT-IR spectrometer with an MCT/A detector. For every spectrum, 64 scans were 
accumulated at a resolution of 4 cm-1. The sample was pressed into the self-supported wafer 
and then mounted into a custom-built vacuum chamber with ZnSe window. The activation 
of the catalyst wafer was conducted at 500 °C at < 10-6 mbar for 12 h, and a background 
spectrum was taken after lowering the temperature to 150 °C. Pyridine was introduced into 
the chamber at a partial pressure of 0.1 mbar for 30 min. The spectrum for pyridine 
adsorption were taken after the chamber was evacuated for 30 min. After the experiment, 
the density of the catalyst wafer was determined by weighing a cutout of the wafer with a 
diameter of 6.35 mm (1/4 inch). The concentration of Lewis and Brønsted acid sites was 
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determined by integrated area of the peaks of chemisorbed pyridine and pyridinium ions 
around 1445 and 1540 cm-1, respectively, the calculated density of the wafer, and the molar 
extinction coefficient of the catalyst. The molar extinction coefficients were taken from 
Datka et al.54 
1.10.3 FT-IR spectroscopy 
 Each zeolite sample was pressed into a self-supported wafer and loaded into a 
transmission vacuum chamber. The sample was activated at 450 °C for 1 h under high 
vacuum conditions and was cooled down to 50 °C. A background spectrum was collected. 
Acetone or hydroxyacetone was introduced into the chamber as vapors at 0.1 mbar through 
a leak valve for 30 min. Afterward, the cell was evacuated for 1 h, and a spectrum was 
collected. The sample was then heated at 80, 120, 350 and 450 °C for 1 h, and a spectrum 
was collected at 50 °C. 
All spectra were collected using a Nicolet 8700 FTIR spectrometer with an MCT/A 
detector. For each spectrum, 64 scans were recorded at a resolution of 4 cm-1. All spectra 
were collected using a Nicolet 8700 FTIR spectrometer with an MCT/A detector. Thermo 
Fischer Scientific Inc. Grams 9.1 software was used to process the collected spectra 
1.11 Results 
1.11.1 Characterization 
Inductively coupled plasma atomic emission spectroscopy (ICP-AES) analysis 
showed that the dealuminated BEA had a minimal Al content (SiO2/Al2O3 > 1000), which 
indicates that that extra-framework aluminum does not exist in the sample which is used 
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to prepare Sn, Mo, W BEA. The synthesized Sn, Mo, W BEA contained 2.09, 2.17, and 
1.41 wt. % of the substituted metals based on ICP-AES analysis.  
Based on pyridine adsorption at 150 °C followed by IR spectroscopy, Sn, Mo, and 
W BEA exhibited Lewis acid site (LAS) concentrations of 195, 181, and 152 mol/g, 
respectively (Figure 0.1).  We designate acid sites that can retain pyridine at 450 °C as 
strong acid sites. The concentration of strong acid sites followed the order Sn BEA > Mo 
BEA > W BEA. The concentrations of Brønsted acid sites (BAS) in the samples were 
negligible compared to the concentrations of LAS (Figure 0.1). The dealuminated beta 
zeolites, which was used to prepare Sn Mo, and W using the post-synthetic method, 
did not exhibit any measurable LAS or BAS sites even at 150 °C.  
 
 
Figure 0.1. Lewis acid site concentrations of the beta zeolites measured by pyridine 
adsorption followed by IR spectroscopy. 
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Previous studies characterized the strength of Lewis acid sites by adsorption of 
acetonitrile-d3 followed by FT-IR spectroscopy.14, 109 Unlike Sn in the zeolite framework, 
acetonitrile-d3 interacting with extra-framework Sn sites does not produce any υ(C−N) 
peaks in the spectral region between 2200 and 2400 cm-1 since due to the weak interaction 
acetonitrile with acid sites of SnOx.
14 The spectra of Snand Mo contained distinct 
υ(C−N) peaks at 2310 and 2303 cm-1 that are attributed to acetonitrile-d3 interacting with 
the LAS of the zeolites (Figure 0.2a and b).14, 110 The signal at 2275 cm-1 is due to 
acetonitrile interacting with silanol groups.14, 110 Interestingly, Figure 0.2c shows that 
υ(C−N) peak from acetonitrile-d3 on LAS of Wwas not observed due to the weak 
interaction of acetonitrile-d3 with W sites in beta zeolites. During the desorption of 
acetonitrile under dynamic vacuum conditions (Figure B.2), acetonitrile is more easily 
removed from Mo than from Sn BEA, but acetonitrile adsorbed on Sn and Mo BEA 
was not removed completely within 150 min. The peak intensity of acetonitrile adsorbed 
on W was significantly reduced within 30 min due to the low strength of the LAS.  
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Figure 0.2. FT-IR spectra of deuterated acetonitrile a) Sn BEA, b) Mo BEA, and c) W BEA 
at increasing acetonitrile coverage. 
1.11.2 Adsorption of acetone and hydroxyacetone on Sn and followed by TPD 
 
Figure 0.3. FT-IR spectra of surface species formed acetone (<10-2 mbar) on Sn BEA at (a) 
50 °C HV (b) 80 °C (c) 120 °C HV (d) 200 °C HV (e) 300 °C HV (f) 400 °C HV. 
Figure 0.3 shows the IR spectra obtained by dosing a low amount of acetone (<10-
2 mbar) onto Sn BEA. The spectrum of acetone on Sn BEA did not contain characteristic 
mode for physisorbed acetone and acetone associated with silanol groups that were 
observed at 1707 and 1689 cm-1 for acetone on dealuminated BEA (Figure B. 3). This 
shows that small amounts of acetone are quantitatively chemisorbed on the Sn sites. It is 
well established that acetone formed MO and phorone through self-aldol condensation 
reaction and can form mesitylene and isophorone via subsequent dehydration and 
dehydrogenation over various types of catalyst including metal oxides and zeolites.46, 111-
117 In particular, the adsorption of mesityl oxide (MO) on Lewis acidic solid catalysts, such 
as nano-sized alumina and zeolites (USY), produced peaks of C=O vibrations at 1673 and 
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C=C vibrations at 1603 cm-1.112 Figure 0.3 shows that the most pronounced modes in the 
range of characteristic carbonyl and CC double bond stretching bands were observed at 
1666 cm-1 and 1614 cm-1 when acetone interacted with Sn BEA. Therefore, those modes 
can be attributed to C=O and C=C vibrations of mesityl oxide formed from acetone. 
Also, a mode 1570 cm-1 is assigned to the enolate of acetone on the surface.111, 115-116, 118-
119 The peak at 3749 cm-1 is due to the formation of a Si-OH group from -abstraction of 
acetone by an O atom bound to a Sn atom.120 In the spectrum taken during TPD of the 
spectrum (Figure 0.3), no additional surface species were formed on the Sn sites. Mesityl 
oxide was firmly bound to Sn sites, and the corresponding peaks remained up to 400 C. 
 
Scheme 0.1. General feature for the aldol condensation reaction for acetone. 
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Figure 0.4. FT -IR spectra of surface species formed acetone (0.1 mbar) on Sn BEA at (a) 
50 °C HV (b) 80 °C (c) 120 °C HV (d) 200 °C HV (e) 300 °C HV (f) 400 °C HV. 
When the partial pressure of pressure of acetone was increased to 0.1 mbar, 
adsorbed acetone, as well as various other adsorbed species formed on SnFigure 
0.4). The asymmetric and symmetric CH3 bands of acetone were observed at 3015 and 
2927 cm-1 as well as modes of 1421 and 1375 cm-1 due to asCH3 and sCH3.
46, 121 By 
comparing the spectra of acetone on Sn BEA in Figure 0.4 and spectra of acetone on 
dealuminated BEA in Figure B. 3, we were able to locate various stretching modes of the 
carbonyl groups of physisorbed acetone, acetone bound to the silanol group, and mesityl 
oxide. Figure 0.4 exhibited a strong band at 1684 cm-1, which can be attributed to the 
convolution of multiple bands acetones and generated adsorbates formed from acetone at 
50 C. Based on the deconvolution method,  the C=O region was deconvoluted into peaks 
at 1705, 1682, and 1663 cm-1, which are attributed to physisorbed acetone, acetone which 
interacts with silanol groups, and a carbonyl group of mesityl oxide formed on Sn sites.112 
The enol form of acetone, an intermediate surface species to form mesityl oxide, was 
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observed based on its C=C mode at 1576 cm-1.111, 115-116, 118-119 Also, asymmetric and 
symmetric νCH2 vibrations of the enol were observed at 2981 and 2852 cm
-1.115-116 
During TPD following the exposure of the catalyst wafer to 0.1 mbar of acetone, 
the stretching vibration of C=C double bond became more pronounced, while the frequency 
of the peak decreased (Figure 0.4). At the same time, a carbonyl stretching vibration red-
shifted from 1683 to 1662 cm-1 as temperature increased. At 120 C, a carbonyl stretching 
vibration was observed at 1672 cm-1 due to the increasing coverage of mesityl oxide 
coupled with decreasing coverage of acetone. Mesityl oxide is known to be reactive 
towards aldol condensation,113 such as the reaction with acetone to form phorone, which is 
reactive precursor for the formation of isophorone, and mesitylene as seen Scheme 1.112 
Thus, the increasing intensity of C=C double bond can be attributed to the formation of 
these highly conjugated oxygenates.122 Figure B. 4 shows that acetone was depleted over 
Sn BEA around 120 C. Once mesityl oxide formed from acetone at low temperatures, the 
peak for mesityl oxide kept decreasing due to the conversion into bigger molecules, 
possibly phorones, isophorones, and aromatics, and cokes at high temperatures.112  
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Figure 0.5. FT-IR spectra of adsorbed hydroxyacetone (0.1 mbar) over Sn BEA at (a) 50 
°C HV (b) 80 °C (c) 120 °C HV (d) 200 °C HV (e) 300 °C HV (f) 400 °C HV. 
The spectrum of adsorbed species formed from hydroxyacetone on Sn at 50 
C exhibited asymCH3 and symCH3 peaks at 2926 and 2867 cm
-1 as well as a C=O mode 
at 1718 cm-1 (Figure 0.5a). To identify a band at 1662 cm-1, 1-propanol was adsorbed on 
Sn BEA and a band at 1662 cm-1 was observed, which is attributed to the C=O of 
propionaldehyde which is formed on Sn sites by dehydrogenation of 1-propanol (Figure B. 
6). The combination of the characteristic peak of the C-H stretching vibration of the 
aldehyde at 2810 cm-1 an the C=O mode of the aldehyde at 1662 cm-1 indicate that 1-
hydroxypropanal was formed.59 A C=C mode was also observed at 1578 cm-1 due to the 
formation of an enol, which is likely propene-1,2-diol.12 The enol was formed by 
tautomerization. The corresponding peak maintained its intensity up to 400 C. 
Increasing temperature during the TPD of adsorbed hydroxyacetone did not 
produce any distinct adsorbates in response to increasing temperature, which indicates that 
the surface species formed from hydroxyacetone on Sn site are stable, but O-H peaks of 
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free silanol groups were observed at 3700 and 3740 cm-1. Therefore, in contrast to the 
acetone adsorption, C=O vibration of hydroxyacetone and 2-hydroxypropanal hold the 
peak positions at 1718 and 1662 cm-1 during increasing temperature up to 400 C. 
However, the intensity of the C=O mode of 2-hydroxypropanal decreased only by 15%, 
but the intensity of the C=O mode of the hydroxyacetone interacting with silanol group 
at 1718 cm-1 showed a significant decrease of 43% (Figure B. 7). 
1.11.3 Adsorption of acetone on Sn BEA in the presence of water 
To investigate the effect of water on the  adsorbed products from acetone, H2O 
vapor was dosed into the cell at 1 mbar after Sn BEA was saturated with 0.1 mbar of 
acetone at 1 h. Although the CH stretching region of the spectrum was obscured by the 
broad peak of hydrogen bonding OH groups including H2O, Figure 0.6 shows that the 
modes of acetone and mesityl oxide at 1687 and 1668 cm-1 did not change by the 
introduction of water except a mode of OH at 1620cm-1 from H2O due to the adsorbed 
water. However, in contrast to the further reaction of adsorbates in the absence of H2O 
vapor during TPD (Figure 0.4), Figure 0.6 shows that increasing temperature did not 
produce any broad peak between 1575 and 1500 cm-1where vibrations of conjugated C=C 
bonds of products from acetone adsorption at high temperatures were observed during the 
reaction of acetone on Sn BEA (Figure 0.4).123  
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Figure 0.6. FT-IR spectra of (A) adsorbed acetone and subsequent saturation at 1 mbar of 
H2O over Sn BEA (B) adsorbed acetone over hydrated Sn BEA at (a) 50 °C (b) 80 °C (c) 
120 °C (d) 200 °C (e) 300 °C (f) 400 °C. 
To investigate the effect of hydrolyzed Sn sites on the adsorption of acetone as an 
initial step for the interaction between acetone and Sn sites, Sn was saturated at 1 
mbar of H2O for 1 h and subsequently, 0.1 mbar of acetone was dosed. IR spectra in Figure 
0.6B exhibited two bands of C=O modes at 1705 and 1693 cm-1, which can be attributed 
to physisorbed acetone on Sn and acetone interacting with silanol groups (Si-OH), 
respectively. This observation indicates that H2O competes with acetone for Sn sites. 
Noticeably, the C=C mode of the corresponding enol was not present in the spectrum of 
acetone on hydrolyzed Sn BEA, which indicates that the presence of water also suppresses 
the tautomerization of acetone. 
1.11.4 Adsorption of hydroxyacetone in the presence of water  
Adsorbates formed from hydroxyacetone on Sn BEA were affected by the presence 
of water. Figure 0.7A shows a band at 1667 cm-1 that was assigned to the C=O mode of 
 64 
the aldehyde group in 2-hydroxypropanal, which interacts with Sn sites. It red-shifted to 
1653 cm-1. The peak at 1689 cm-1 was present when hydroxyacetone was adsorbed on 
dealuminated BEA (Figure B. 5), so this peak can be attributed to C=O of an unreacted 
chemisorbed hydroxyacetone to silanol groups.12 The band at 1578 cm-1 is attributed to the 
C=C vibration of 1,2 propenediol and did not shift in the presence of water, but the 
intensity of the peak was reduced compared to the spectrum in the absence of water (Figure 
0.5). A noticeable effect of water during the TPD is that the various peaks of 
hydoxyacetone were absent on Sn BEA, which indicates that water significantly reduced 
the affinity between hydroxyacetone adsorbates and Sn metal sites (Figure 0.7A). Also, the 
peak intensity of hydroxyacetone bound to silanol group (-Si-OH) at 1689 cm-1 rapidly 
decreased in the presence of water. 
 
Figure 0.7. IR spectra of (A) adsorbed hydroxyacetone and subsequent saturation at 1 mbar 
of H2O over Sn BEA (B) adsorbed hydroxyacetone over hydrated Sn BEA at (a) 50 °C (b) 
80 °C (c) 120 °C (d) 200 °C (e) 300 °C (f) 400 °C. 
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To investigate the effect of hydrolyzed Sn sites on the adsorption of hydroxyacetone as an 
initial step, hydrated Sn BEA was prepared and similar surface species were observed as 
for hydroxyacetone on dry Sn BEA (Figure 0.7B). However, the C=C stretching vibration 
of the enol was not observed. 
1.11.5 Adsorption of acetone and hydroxyacetone on Mo and W 
Figure 0.8 shows the IR spectra obtained after adsorption of 0.1 mbar of acetone on 
W followed by TPD. The C=O mode of acetone exhibited a small red-shift from 
1689 to 1687 cm-1 when compared to corresponding mode of acetone on the silanol groups 
on dealuminated BEA (Figure B. 4). The small shift indicates a weak interaction between 
the carbonyl group and the W active site. Spectra (Figure B. 5) taken after the catalyst was 
saturated with acetone for 1 h before desorption of the catalyst at dynamic vacuum 
contained a peak 1585 cm-1, which is attributed to C=C of 2-propenol formed by 
tautomerization of acetone. However, the immediate desorption of this enol species from 
W BEA was observed upon evacuation, which indicates that the bond of the enol to the W 
active site is also weaker than that to a Sn site as seen in Figure 0.5.  
Figure 0.9 shows that spectra of adsorbed species from acetone on Mo BEA 
exhibited only chemisorbed acetone on Lewis acidic sites which is a similar trend as in the 
case of W BEA, but the C=C vibration of the enol remained under dynamic vacuum at 




Figure 0.8. FT-IR spectra of surface species formed acetone (0.1 mbar) on W BEA at (a) 
50 °C HV (b) 80 °C (c) 120 °C HV (d) 200 °C HV (e) 300 °C HV (f) 400 °C HV. 
 
 
Figure 0.9. FT-IR spectra of surface species formed acetone (0.1 mbar) on Mo BEA at (a) 50 °C HV (b) 80 
°C (c) 120 °C HV (d) 200 °C HV (e) 300 °C HV (f) 400 °C HV.  
Figure 0.10 shows that the adsorption of hydroxyacetone on W resulted in 
asymCH3, CH3, asymCH and OH vibrations at 1442, 1410, 1368, and 1290 cm
-1, 
respectively, as well as a C=O mode at 1715 cm-1. A comparison with the C=O vibration 
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of hydroxyacetone on dealuminated BEA at 1716 cm-1 indicates that hydroxyacetone did 
not interact with W sites in a strong enough way to polarize the carbonyl group. In 
agreement with this, an increase of the temperature to 400 °C resulted in desorption of the 
adsorbed hydroxyacetone without the formation of any noticeable species in the process.  
The spectrum of surface species (Figure 0.11) form hydroxyacetone on MoBEA 
contained a C=O peak at 1706 cm-1 that is the keto group interacting with the acidic Mo 
site (Figure 14).124 A shoulder at 1676 cm-1 is assigned to the aldehyde group of 
hydroxypropanal that was formed via 1-2 hydride shift. This peak assignment was further 
supported by the observation of a C=O band at 1682 cm-1 when 1-pronanol was adsorbed 
on MoFigure B. 11) and produced 1-propanal via dehydrogenation. 
 
 
Figure 0.10. spectra of surface species formed hydroxyacetone (0.1 mbar) on W BEA at 




Figure 0.11. spectra of surface species formed hydroxyacetone (0.1 mbar) on Mo BEA at 
(a) 50 °C HV (b) 80 °C (c) 120 °C HV (d) 200 °C HV (e) 300 °C HV (f) 400 °C HV. 
1.12 Discussion 
1.12.1 Surface species derived from acetone via aldol condensation 
In recent a few years, it is found that heteroatom-doped zeolites such as Sn BEA 
catalyze biomass-derived oxygenates to undergo C-C bond formation. For example, 
Sn exhibits activity for catalyzing the self-aldol condensation of glycolaldehyde, 
leading to the formation of methyl vinyl glycolate and methyl lactate at 160 °C and methyl 
2-hydroxy-4-methoxy butanoate as the major product at low temperatures.95 In another 
study, the C-C coupling between 1,3-dihydroxyacetone and formaldehyde into -hydroxy-
-butyrolactone was reported to take place over Sn by soft enolization of DHA 
followed by aldol addition of formaldehyde to the Sn-enolate intermediate, generating 
erythrulose as an intermediate species.87 In the following study, it was demonstrated that 
Hf, Sn, and Zr are active solid catalysts to promote the cross-aldol 
condensation reaction of aromatic aldehydes with acetone under mild reaction 
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conditions.125 Also, isotopic labeling studies suggested that acid-base pairs (Sn and 
neighboring oxygen) in the framework of beta topology activate acetone by abstracting an 
-proton to the zeolite lattice to promote keto-enol tautomerization for cross-aldol 
condensation with aromatic aldehydes.125 These observations leads to the conclusion direct 
aldol condensation reaction over hydrophobic zeolites with isolated framework metal sites 
provides the potential for these catalyst to produce valuable liquid fuels and chemicals.  
However, no infrared spectroscopic studies do exist to investigate the properties of Sn sites 
to investigate the characteristics for aldol condensation reaction, intermediate adsorbed 
surface species, their affinities, and catalysts deactivation to understand Lewis-acidic 
catalyzed reaction over Sn BEA. Detailed kinetic, theoretical, and spectroscopical studies 
revealed reaction intermediates, their affinities and deactivation process for aldol 
condensation reaction of acetone over Bronsted acidic aluminosilicate using acetone as 
model compounds.126 It can be postulated that acetone, simple C3 oxygenates, can 
effectively probe the properties of Sn sites for aldol condensation reaction such as the 
configuration of adsorbates from acetone, its reaction intermediates, affinity, and catalyst 
deactivation due to the undesirable formation of side products. 
Biaglow et al. reported that at coverage below one molecule per active sites, the 
surface species formed from acetone are stable and acetone has low mobility on H-ZSM-
5.127 At high coverages, the mobility of acetone is increased, leading to the formation of 
mesityl oxide via the bimolecular condensation reaction. It is noted that the immobility of 
the mesityl oxide has lower mobility than acetone.128 At the same time, for acetone, 
hydrogen-bonded adsorption complex is stable at room temperature, but H-ZSM-5 
catalyzes acetone into mesityl oxide at high temperatures such as 100 °C. Interestingly, our 
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study shows that saturation of Sn BEA with 10-3 mbar of acetone exclusively formed 
mesityl oxide as seen in Figure 0.3. In addition, increasing temperatures up to 400 °C did 
not completely remove the surface mesityl oxide due to the high affinity to Sn sites. Figure 
0.4 exhibited that diverse surface species are present by the interaction of acetone with Sn 
active sites in the high concentration of acetone (0.1 mbar) in the cell. The deconvolution 
of these peaks indicates that further condensation of mesityl oxide with acetone occurred 
to form bigger C9 oxygenates at 300 and 400 C. It is reported that mesityl oxide is 
converted over a wide variety of aluminosilicates into aromatics, and cokes at high 
temperatures above 450 °C.123 Therefore, mesityl oxide further reacted with neighboring 
unreacted acetone which is bound to silanol group, leading to the formation of C9 
oxygenates, aromatics and cokes, but at relatively lower temperatures than over the 
Brønsted zeolites.123 These surface species again exhibited the strong binding to Sn sites 
and accumulated on the surface as temperature increased up to 400 C. Therefore, our data 
suggest that Lewis-acid catalyzed aldol condensation is more prone to catalyst deactivation 
to the counterpart of Bronsted acid catalyzed aldol condensation.  
The deconvolution of the peak for C=O and C=C in IR spectrum (Figure B. 4) 
shows that the formation of mesityl oxide from acetone is preferred at low temperatures 
and the formation of the bigger oxygenates increases as temperature increases. Also, after 
120 °C, aromatics and cokes were further generated in the absence of acetone that had been 
bound to silanol group (-Si-OH-), which indicates that the dehydration of intermediates 
adsorbates such as mesityl oxide is main mechanism of the formation of the dehydrated C9 
oxygenates, and cokes. In addition, our data shows that the product formed from the self-
aldol condensation of acetone have high affinity to Sn sites, so cannot be easily desorbed 
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from the catalyst at elevated temperature in the absence of other reactants or solvents. 
Furthermore, these surface species are prone to form the additional surface species via 
further aldol condensation of acetone, and undergo dehydration at high temperatures, 
leading to coke. In the previous studies, cross aldol condensation of acetone with aromatic 
aldehyde achieved the high conversion and yield with 32, and 90% over Sn BEA at 100 
°C.125 This kinetic studies well align in our date in that Sn BEA preferentially catalyze 
acetone into mesityl oxide at low temperatures below 120 °C. Therefore, we can postulate 
the high reaction temperatures induced the catalytic deactivation for Lewis-acid catalyzed 
aldol condensation of oxygenates.  
The spectrum of adsorption of acetone (Figure 0.3) was helpful to postulate the 
mechanism for self-aldol condensation of acetone. The spectrum included a peak of enol 
form of acetone at 1579 cm-1 and the formation of Si-OH from abstracting  proton of 
acetone by an oxygen atom. These IR spectrum features indicate that C-C coupling of 
acetone through self-aldol condensation takes place by formation of enol as an initiation 
step, instead of one-step condensation mechanism recently proposed elsewhere.120 
Therefore, based on the IR spectrum seen in Figure 0.3 and Figure 0.4, we propose the self-
aldol condensation mechanism of C-C coupling over Lewis acid solid catalysts as Scheme 
2. Based on the Scheme 2, the framework oxygen atom bound to the Sn site works as 
Brønsted base and abstracts a -proton from acetone as a base to generate a metal-enolate 
adduct and a silanol group prior to the adsorption of second acetone on Sn sites85. Then, 
adsorbed enolate undergoes C-C coupling with keto form of acetone, which can bind to the 
same metal site with the enol. The further reaction of mesityl oxide produces phorones, 
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isophorones, aromatics. These chemicals finally form coke when subjected to high 
temperatures. 
 
Lewis acid sites in hydrophobic zeolites beta topology catalyze glucose to fructose 
via C2-C1 intramolecular hydride shift. However, Sn BEA synthesized in hydrothermal 
method is known to be inferior to hydrothermally synthesized Sn BEA. To reveal the origin 
of less reactivity and design a better catalyst, understanding of the configuration of 
adsorbates on Sn sites is required during isomerization via 1-2 hydride shift. The Davis 
group first reported that Sn-Beta yields 31% (wt∕wt) of fructose from glucose at 383 K in 
pure water.85 In the following study, it is shown that framework Sn sites in Sn can 
catalyze the isomerization of glucose to fructose by a Lewis acid-mediated intramolecular 
hydride shift in an aqueous solvent.129 Lewis acid catalyzed 1-2 hydride shift is also 
Coke 
Scheme 0.2. FT-IR spectra of adsorbed hydroxyacetone over Sn BEA followed by TPD 
Blue box – low temperature, Red Box- High temperature 
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essential to produce lactic acid from trios since dihydroxyacetone converts into 
glyceraldehyde via 1-2 hydride shift to produce lactic acid.93, 130-131 Hydroxyacetone which 
has both carbonyl and -hydroxyl group would be a good candidate as model compounds 
to investigate the reaction mechanism for 1-2 hydride shift due to the structural similarities 
to sugars and trioses.132  
Our study shows that hydroxyacetone undergoes 1-2 hydride shift to isomerize 
hydroxyacetone to 2-hydroxypropanal, but further dehydration to form acrolein does not 
occur in contrast to the formation of mesityl oxide from acetone via self-aldol condensation 
and subsequent dehydration. We postulate that this inability to dehydrate 2-
hydroxypropanal is due to the position of hydroxyl group within the molecule, which is 
located -position. In case of mesityl oxide, -hydroxyl group relative to -hydroxy group 
of 2-hydroxypropanal can be easily removed by retro-Michael dehydration.87 In addition 
to the formation of the isomerization product, the competitive pathway exists for 
hydroxyacetone to form enol, which can be either 2-propene-1,2-diol or 1-propene-1,2-
diol. However, the peak for C=C of enol is much smaller than the peak for C=O of the 
2-hydroxypropanal, which indicates that 2-hydroxypropanal formed from isomerization of 
hydroxyacetone is stabilized on Sn sites more effectively than the enol form of acetone on 
Sn sites.  
Interestingly, 2-hydroxypropanal exhibited a strong affinity to Sn sites, and retained 
approximately 85 % of the peak intensity up to 400 C. Even though IR spectra (Figure 
0.5) shows propene-diol, 2-hydroxypropanal, and hydroxyacetone were present on the 
catalyst, the condensation reaction between enol and keto form of hydroxyacetone or 2-
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hydroxypropanal was not observed. Also, dihroxyacetone reacted to produce only lactic 
acid, glyceraldehyde, and small molecules, instead of producing bigger molecules via a C-
C coupling.130, 133-134 This feature further gives insight into the role of -hydroxyl group of 
carbonyl compounds that imparts stronger affinity toward Lewis acid sites to oxygenates. 
This strong affinity is presumably due to the capability of carbonyl compounds with -
hydroxy groups to engage in concerted binding to Sn sites with carbonyl and hydroxyl 
group in a similar way of chelating formation in homogeneous metal catalyts.135-136 
1.12.2 The effect of water on the reactions by Sn BEA 
Biomass reforming is a complex reaction networks where solvent-solute-catalyst 
interactions must be considered. In addition, a solvent often compete with a reactant for 
adsorption of active sites in solid catalyst. Glucose can isomerize into fructose over 
Sn via a Lewis acid-mediated intramolecular hydride shift in the aqueous solvent, but 
a change in the solvent to methanol induces Sn sites to epimerize glucose to mannose by 
Lewis acid-mediated intramolecular carbon shift via the Bilik reaction using isotopically 
labeled (2H, 13C) glucose.137 The upgrading biomass-derived oxygenates often uses water 
as a solvent or produces water as a by-product. However, many kinetics studies found that 
water can work as a poison, particularly to Lewis acid solid catalysts. The presence of water 
reduced the activity for Sn for the MPV hydrogenation of cyclohexanone with 2-
butanol by more than 80%.138 Also, the activity for the isomerization of glucose to fructose 
over Sn decreased by two orders of magnitude when the solvent changed from methanol 
to water.139 
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 At the microscopic level, this reduced activity of Sn BEA in the presence of water 
is likely related to a change in the configuration of adsorbed species on active Lewis acid 
sites. It is well-known that the interaction of solvent molecules with Lewis acids drastically 
influences catalytic activity. Especially, solvents that exhibit a Lewis base character 
compete with reactants (Lewis bases) for coordinating with acid sites. The Gutmann’s 
donor number (DN) is a parameter based on the enthalpy change for the coordination of an 
isolated solvent molecule to a hard Lewis acid (SbCl5) in dichloroethane.
140 It provides a 
qualitative sense of the relative interaction of polar or nonpolar solvents with Lewis acids. 
The low DN values typically observed for aprotic nonpolar solvents suggest that they 
coordinate weakly to hard acid sites, whereas the high values seen for polar solvents 
suggest that very strong interactions with Lewis acids occur. We believe that water has a 
high DN value of 18 kJ/mol significantly higher aprotic solvents such as 0.1 for benzene, 
a representative aprotic solvent, thus suggesting that strong water-Lewis acid interactions 
can disrupt the interaction between reactants and Sn sites since the DN value for acetone 
is 17 kJ/mol.141 
Acetone and mesityl oxide were reported to bind to acid sites strongly .111-113 
Therefore, in our study, saturating the catalyst wafer with water after dosing acetone did 
not produce any additional distinct adsorbate species at 50 C. However, the most 
significant difference between during the TPDs in the presence of water was made. Dosing 
acetone on Sn BEA produced mesityl oxide, and it further reacted to form bigger 
oxygenates via C-C coupling and finally coke at the high temperatures in the absence of 
water. However, water promoted the desorption of adsorbed species as temperature 
increased, leading to the disappearance of all peaks between 1600 and 1500 cm-1, which 
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can be attributed to the removal of adsorbed species including the ones formed by reactions 
of mesityl oxide with acetone. This lack of adsorbed species at high temperatures indicates 
that even though water does not promote the change in the configuration of both adsorbates 
formed from acetone, water reduced the strength of Lewis acid Sn sites and prevents 
mesityl oxide from reacting with acetone to form bigger C9 oxygenates.  
Reactants biomass first formed an adduct by coordination of a Lewis acid sites as 
working as a Lewis base. In the condensed phase reaction, reactants should displace solvent 
molecules to interact with Lewis acid sites to be reacted fully. Figure 0.6B shows that the 
adsorption of water before acetone prevents aldol condensation reactions so that acetone 
can only interact with silanol groups (1693 cm-1) as well as the carbonyl group of weakly 
physisorbed acetone at (1705 cm-1). This complete blockage of the Sn sites results in 
desorption of almost all adsorbed species without the formation of significant amounts of 
coke when the samples is heated to 200 C.  
Overall hetero-catalytic reactions are determined by the relative proportion of rate 
constant for the association (KA) reaction, reaction (KR) and dissociation (KD) steps.
142 
Efficient Lewis acid catalysts can obtain appreciable overall reaction rate by the effective 
formation of Lewis acid and base complex coupled with marginal inhibition effect of the 
product.142 Based on our study, aldol condensation reaction catalyzed by solid Lewis acid 
catalysts can be easily poisoned by the strong binding to products, which seems to require 
significantly dilute reaction condition. However, water might be beneficial to promote the 
desorption of products by increasing KD constants based on our study. However, the pure 
aqueous environment can significantly suppress the aldol condensation by decreasing KA 
constants.  
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Interestingly, hydroxyacetone formed 2-hydroypropanal in the presence of pre-
adsorbed water 3 min, although carbonyl peak of 2-hydroxypropanal slowly developed 
compared to the adsorption of hydroxyacetone without the presence of water. This 
phenomena is due to the competition between water and oxygenates (reactants) for Lewis 
acid sites often in condensed phase reforming similar to the previous studies.50 After letting 
hydroxyacetone fully interact with the catalyst until the spectrum did not change, a 
carbonyl peak red-shifted from 1667 to 1653 cm-1. Since the water competes for the LA 
sites with hydroxyacetone, it is unlikely that the electron donation of water to Sn sites 
would strengthen the interaction of the carbonyl group of hydroxypropanal with Sn sites. 
Therefore, 2-hydroxypropanal might further transform over Sn sites in the presence of 
water. To identify the surface species, the adsorption of acrolein on Sn BEA was 
investigated using IR spectroscopy. Figure B. 9 shows that the spectrum of adsorbed of 
acrolein exhibited a C=O mode of the carbonyl group and the C=C mode of acrolein at 
1650 and 1592 cm-1, respectively. The deconvolution of the peaks in the spectrum in Figure 
B. 9 clearly shows a C=O of the carbonyl group and C=C band at 1653 and 1591 cm-1, 
which can be attributed to acrolein as well as the carbonyl group from hydroxyacetone and 
the OH vibration of water. Therefore, it is likely that water promote surface 2-
hydroxypropanal to undergo dehydration to acrolein with the aid of water. The Roman-
Leshkov group reported a C-C coupling reaction between hydroxyacetone and 
formaldehyde to produce -hydroxy--butyrolactone (HBL) over Sn at 160 °C and 
suggested the mechanism in which erythrose formed as intermediates from aldol addition 
of formaldehyde to the Sn-enolate form of dihydroxyacetone undergoes dehydration since 
the presence of -hydroxyl and carbonyl group in erythrose makes it highly susceptible to 
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dehydration a retro-Michael reaction. In the current study, we can speculate that the 
hydrogen bonding of water to -hydroxyl group of 2-hydroxypropanal make it better 
leaving the group, leading to the formation of acrolein. 
To investigate the effect of water on the desorption of products, we dosed 
hydroxyacetone and then saturated the catalyst with H2O followed by TPD. Reduced 
strength of LA sites by electron donation from water leads to observing the small portion 
of unreacted hydroxyacetone of which the carbonyl group at 1687 cm-1 just interacts with 
Sn sites, instead of transformation over Sn sites. When the convoluted peaks between 1550 
and 1750 cm-1 are deconvoluted, the absence of the C=O mode of the carbonyl group at 
1654 cm-1 indicates that 2-hydroxypropanal is readily converted into acrolein when 
promoted by water. The formation of acrolein in the presence of water supports our 
hypothesis that water helps 2-hydroxypropyl more susceptible to dehydration via retro-
Michael reaction by pulling the electron of a-hydroxyl group of 2-hydroxypropanal. 
Instead, water directly associates Sn sites to promote the Sn sites to which hydroxyaceotne 
and 2-hydroxypropanal strongly bound as seen in Figure 0.7. 
The hydrolyzed Sn did not produce any significant surface species except the 
adsorbed acetone. The strong binding of the surface species to active sites are a common 
problem of the catalyst deactivations. Dosing 1 mbar of acetone into the IR cell which has 
the Sn catalyst wafer showed that surface species which is catalyzed by Lewis acid 
sites accumulated on the surface, instead of desorption. This high affinity can be reduced 
in the presence of spectator surface species which does not involve in the reaction pathway 
but can interact with the active sites by the competitive adsorption.  
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1.12.3 Tuning the strength of the Lewis acid site by incorporating metals (VI) into beta 
zeolite topology 
 Metal centers incorporated into the structure of the zeolite have different strength 
of Lewis acid and intrinsic catalytic performance for specific reactions. Ti-, Sn- and Zr-
BEA are active catalysts for the Meerwein–Ponndorf–Verley reduction of cyclohexanone 
with 2-butanol but exhibits different activities.143 Also, Sn BEA showed the highest activity 
for glucose-fructose isomerization82 and conversion of sugars into lactic acid or alkyl 
lactates than Ti- and Zr BEA. However, Hf- and Zr- BEA has a higher selectivity for the 
C-C coupling of acetone with aromatic aldehydes via aldol condensation than Sn BEA.125 
To reveal the origin of these difference in the reactivities of heteroatom doped beta zeolites, 
the IR spectra of pyridine adsorption was used to correlate the frequencies of adsorbed 
pyridine on different Lewis acid sites (i.e., Ti-, Zr-, Nb-, Ta-, Sn-, Ga-, and Al-beta) with 
the Lewis acid strength, but exhibited the limited reliability due to a narrow range of peak 
frequencies from 1445 to 1454 cm-1.100 Since the magnetic shielding in NMR spectroscopy 
is sensitive to the local electronic environment about the nucleus, changes in the chemical 
shift for a particular acid-base pair can be used to rank the Lewis acidic sites of zeolites.144-
146 The Roman group found that 15N chemical shift observed can be used as a scale for 
Lewis acidity that exhibits a linear correlation with Mulliken electronegativities based on 
magic angle spinning (MAS) nuclear magnetic resonance (NMR) of 15N pyridine adsorbed 
on M-Beta zeolites.146 
The strength of interaction between the acid−base pair is proportional to orbital 
overlap and inversely proportional to its HOMO−LUMO energy difference.147 LUMO 
energies are difficult to obtain experimentally but exhibiting a linear relationship with 
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electron affinity.147 In the same way, the HOMO energies correlate with ionization 
potential.146 The extent of strength between acid and base depends on the HOMO−LUMO 
gap.146 Electron affinity, and Mulliken electronegativity exhibits a linear relationship with 
the experimental determined 15N isotopic chemical shift values.146  
Based on the Based on Hard−soft acid-base theory (HSAB) uses chemical hardness, 
polarizable acids, and bases as soft and nonpolarizable acids and bases as hard.105 The 
HSAB concept is used to explain deviations from a pure electronegativity analysis.For 
example, thiocyanate, SCN-, can form a bonding through either its sulfur or nitrogen. When 
it bonds to a soft acid such as Hg2+, it bonds through sulfur, but when it bonds to less 
polarizable meals such as Zn2+, it bonds through nitrogen. The HSAB theory suggests that 
hard acids prefer to bind with hard bases and soft acids prefer to bind with soft bases. 
Pearson developed a quantitative measure of the concept of hard and soft acid and defined 
the absolute hardness as half the difference between the ionization energy and the electron 
affinity.148  
 In our study, the value of calculated Mulliken electronegativity of W BEA is similar 
to the one of Sn BEA. W BEA exhibited the negligible activity for aldol condensation 
reaction for acetone and isomerization of hydroxyacetone. Mo BEA has a comparable 
value for calculated hardness (Table ) has a negligible activity for aldol condensation 
reaction of acetone but catalyzes hydroxyacetone into 2-hydroxypropanal, but with lower 
activity than Sn BEA. Therefore, our data indicate that hardness is a reasonable parameter 
to describe for Lewis-catalyzed reactions by metal-substituted beta zeolites compared to 
Mulliken electronegativity. However, the conclusion could not explain the inactivity for 
aldol condensation of acetone.  
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When considering the mechanism of aldol condensation reaction described in 
Scheme 0.2, the keto and enol form of acetone is needed to associate with Sn for C-C-C 
coupling after the formation of enol via tautomerization of acetone. Therefore, substituted-
metal sites need to provide enough surface area which for keto and enol form of acetone 
simultaneously can bind to. When periodic V group (i.e., Nb and Ta) transition metals are 
substituted into zeolite BEA, Nb and Ta exist in a +5 oxidation state and were modeled 
with a M=O functional group in DFT calculation.103, 146 Therefore, in our study, Mo and 
W which is the most stable in a +6 oxidation state is most likely to exist as +6 state in the 
BEA topology. Table B. 1 shows that the ionic radius of W and Mo is smaller than Sn by 
25%.  
Also, cross aldol condensation reaction of acetone with aldehyde showed a trend 
where yield and selectivity decrease in the order Zr-, Hf- and Sn BEA, and ionic radius 
decreased in the same order Zr-, Hf- and Sn BEA.  The superior reactivity of Zr- and Hf 
BEA zeolites to Sn BEA was in the study by the different type of orbital to participate as a 
frontal orbital for Lewis acid-Lewis base interactions. The d-block transition metals Hf and 
Zr possess similar electronic structures when inserted in the zeolite framework and can be 
expected to show same catalytic activity, while the p-block element Sn exhibits different 
bonding characteristics and charge distribution through the site because of its antibonding 
σ* LUMO. This difference in the type of the frontal orbital was explained for superior 
reactivity of Zr- and Hf BEA to the counterpart of Sn BEA. However, Ti BEA which has 
the d-block transition metals as Hf and Zr exhibited a negligible conversion (2% percent) 
of acetone and benzaldehyde into benzalacetone. However, Ti BEA has also approximately 
28 % smaller size of metal in the BEA topology compared to Zr- Hf BEA. Therefore, it is 
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highly likely that ionic radius would be an essential parameter for C-C coupling for 
production of bigger oxygenates in which carbonyl group and-hydroxyl group of the 
product oxygenates such as mesityl oxide simultaneously bind. 
1.13  Conclusion  
In this article, we present a method to study the active sites of heteroatom-doped 
zeolites using the probe molecules: acetone and hydroxyacetone. The formation of 
adsorbates from simple C2 oxygenates: acetone and hydroxyacetone on Sn BEA is 
investigated using FTIR spectroscopy in the presence and absence of H2O vapor. Acetone 
is exclusively converted into mesityl oxide in the low amount of acetone saturation over 
Sn BEA. Increasing concentration inside the pore of the zeolites promotes acetone to 
further react with mesityl oxide to form bigger oxygenates such as phorones, aromatics, 
and cokes at high temperatures. Hydrated Sn BEA shows negligible activity for aldol 
condensation of acetone due to losing activity for tautomerization of acetone in the 
presence of H2O vapor. However, H2O is vapor beneficial for minimizing coke formation 
at high temperatures by the reduced strength of Sn sites by H2O vapor. Hydroxyacetone is 
converted into 2-hydroxypropanal over Sn BEA, exhibiting high affinity to Sn sites up to 
400 C. Sn BEA still catalyzes hydroxyacetone into 2-propanal in the presence of H2O but 
longer exposure of H2O vapor while hydroxyacetone is interacting with Sn BEA induced 
the formed 2-hydroxypropanal to convert into acrolein. Mo and W BEA are synthesized 
using solid-solid ion exchange method to investigate important parameters such as 
Mulliken electron affinity, Lewis acid hardness, and radius of metal ions which can control 
Lewis acid catalyzed the reaction by the zeolites which has metals incorporated into the 
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structure. For isomerization of hydroxyacetone into 2-hydroxypropanal, which requires the 
-hydroxyl group and the carbonyl group of hydroxyacetone of oxygenates, the hardness 
of Lewis acidity is an influential factor based. However, the size of metal significantly 
affects aldol condensation reaction where keto and enol form of acetone need bind to active 
sites simultaneously, leading to the formation of binding of -hydroxyl group and the 














Elucidation of Oxidation State of MoO3 for Biomass Conversion  
1.14 Introduction 
The demand for biorefinery to produce transportation fuels and chemicals from 
lignocellulosic biomass has increased over the last decade in global efforts to lower the 
carbon footprint. Heterogeneously catalyzed processes in condensed phase such as 
methanol and water will be likely to play an important role in the biorefineries due to facile 
separation and stability at high temperatures. Among many viable heterogeneous catalysts, 
molybdenum oxide recently gained significant attention since it catalyzes many important 
reactions for biomass conversion including sugar epimerization149 and conversion of sugars 
into alkyl lactates at moderate temperatures (100 °C) in combination with Lewis acidic 
zeolite Sn-MFI. Especially, in the latter study, physically mixed MoO3 exclusively 
promoted retro-aldol condensation reactions of sugars into C3 oxygenates since glucose 
cannot transport into near Sn sites which are located inside the pore of MFI due to the size 
of glucose.  
MoO3 is a reducible metal oxide which has the capability to exchange oxygen in a 
relatively easy way. Therefore, they are found in various types of stoichiometry, ranging 
from full stoichiometric MoO3, which has a wide bandgap to conducting reduced oxides in 
the form of MoO3-x(2<x<3) with significantly reduced band gap.
150-151 The reducibility of 
MoO3 induces fundamental importance for the chemical reactions, which often follows the 
Mars and Van Krevelen mechanism where the oxide surface is directly involved via its 
most reactive oxygen atoms on the catalyst surface.151-152 An organic substance often reacts 
with these reactive sites at the oxide surface. During this step, a weakly bound surface O 
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atom is often imparted to the reactant forming the oxygenated compound, leaving behind 
an oxygen vacancy on the surface.  
Orazov and Davis have reported that yields of 75% in the trioses dihydroxyacetone 
(DHA) and glyceraldehyde (GLA) in alcoholic solvents at 80 °C.153 In the following DFT 
study, the open-chain fructose molecule can undergo retro-aldol fragmentation at the 
position and suggested the mechanism.154 Fructose is initially promoted by deprotonation 
of the -OH group. This leads to the electron density redistribution and subsequent C-C 
bond scission, leading to the formation of glyceraldehyde and an enolate intermediate. 
However, the experimental and DFT studies did not take account of the effect of an alcohol 
solvent, which can readily affect the oxidation state of MoO3 due to its high capabilities as 
an oxidizing agent. For example, ethanol MoO3 showed very high selectivity to 
acetaldehyde with a negligible amount of ethane at 200 °C, but MoO2 shows the same 
selectivity (48.4 %) and acetaldehyde (48.5 %) at 200 °C.
155
 Therefore, it is possible that 
even at low temperatures used for lactic acid production such as 80 °C to minimize the side 
products during the reaction, the alcoholic solvent used for lactic acid production from 
fructose can chemically react with MoO3.  
When considering the high reducibility of -MoO3, It is highly likely that that -
MoO3 can undergo structural changes during reactions and subsequent formation of oxygen 
vacancy.  However, little is known, however, on how the nature and extent of the 
transformation of -MoO3 due to these oxygen vacancies affect catalytic reactivity and 
reaction pathway for biomass conversion in the condensed phase. This insight will be 
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critical to design catalysts to tune the active sites and determine the operational conditions 
to maximize the yield and selectivity for certain reactions. 
1.15 Experimental Method 
1.15.1 Materials 
Ethanol (>99.5%), acetaldehyde (>98%), molybdenum oxide (-MoO3) (>99.95%), 
potassium bromide (FTIR grade, >99%) were purchased from Sigma Aldrich.  
1.15.2 FT-IR spectroscopy 
Molybdenum oxide(-MoO3) was pressed into a self-supported wafer and loaded 
into a transmission vacuum chamber. The sample was activated at 450 °C for 1 h under 
high vacuum conditions and was cooled down to the room temperature. A background 
spectrum was collected. Ethanol or acetaldehyde was introduced into the chamber as 
vapors at 0.1 mbar through a leak valve. A spectrum was collected at 10 sec, 1 min, 5 min 
after the reactant adsorption. After 30 min, 0.7 mbar of ethanol or acetaldehyde was further 
introduced into the IR chamber and a spectrum was collected after 1 hr.  
A different procedure was used for -MoO3 which is treated with methanol. After 
the preparation of -MoO3into the IR chamber and subsequent activation at 450 °C for 1 
h under high vacuum condition, methanol was dosed at 0.1 mbar into the IR chamber and 
made contact with -MoO3 catalyst wafer for 1 h. Then, the same procedure was repeated 
as the untreated -MoO3 with methanol. 
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All spectra were collected using a Nicolet 8700 FTIR spectrometer with an MCT/A 
detector. For each spectrum, 64 scans were recorded at a resolution of 4 cm-1. All spectra 
were collected using a Nicolet 8700 FTIR spectrometer with an MCT/A detector. Thermo 
Fischer Scientific Inc. Grams 9.1 software was used to process the collected spectra 
1.16 Results and discussion 
 
Figure 0.1. XANES spectra at the Mo K-edge for the bulk molybdenum oxide (MoO3) 
(blue) and reduced molybdenum oxide (MoOx) with methanol (red). 
The high capability of MoO3 as an oxidizing agent is likely to undergo the structural 
change by interacting with alcohol reagents, which are often used as a solvent for biomass 
conversion. XANES spectra sensitive to the symmetry of the local structure of the X-ray 
absorbing atom (Mo) are used to investigate the change in the oxidation state after treating 
MoO3 with methanol. Figure 0.1 shows the Mo K-edge XANES spectra of MoO3 and 
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partially reduced MoOx with methanol at room temperature. A weak peak appeared in both 
MoO3, and MoOx samples in the pre-edge region (20005–20010 eV) is assigned to a 1s → 
4d quadrupole transition.156-157 This dipole-forbidden transition became possible owing to 
the central position of Mo6+ ion in the distorted octahedron of MoO3.
156 Also, for MoO3 
containing Mo6+, the pre-edge peak is observed with a lower value of energy than the 
absorption edge of Mo as seen Figure 0.1. Even though both MoO3 and MoOx have the 
pre-edge peak, but the peak intensity for reduced MoOx with methanol exhibited a 
noticeable decrease in the peak intensity. This result indicates that since the decrease in the 
peak intensity of pre-edge peak is relatively small, the surface of MoO3 is reduced with 
methanol, leading to the oxygen vacancy at room temperature.  
 
Figure 0.2. IR spectra of surface species formed from ethanol on MoO3 at room 
temperature 
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To elucidate the impact of the formation of oxygen vacancies on the adsorption and 
reaction of oxygenates, we studied the surface chemistry of ethanol and acetaldehyde on a 
MoO3 wafer by in-situ FTIR spectroscopy after activation in vacuum at 450 °C. When 0.1 
mbar of ethanol were introduced into the cell at room temperature, the first IR spectrum at 
10 s (Figure 0.2) contained characteristic bands for CH (2987-2900 cm-1), CH (1252 and 
1394 cm-1), and CO (1057 cm-1).158 These bands are consistent with the formation of 
chemisorbed ethanolate species.59, 159 The additional peak at 1745 cm-1 is attributed to the 
CO vibration of an aldehyde group indicating that some of the adsorbed ethanol was 
dehydrogenated.155 Lastly, the doublet of peaks at 2360 and 2333 cm-1 is assigned to CO2 
in the gas phase. The observation of gaseous CO2 indicated that ethanol reacted with 
surface oxygen atoms forming CO2 (and H2 or H2O), leading to partially reduced MoO3. 
In the spectrum after 1 min (Figure 0.2), all bands associated with the ethanolate species 
had lost intensity, and two additional peaks at 2189 and 2112 cm-1 were observed. They 
are tentatively attributed to physisorbed CO2.
160 The reaction progressed so that after 5 min 
only the bands attributed to CO2 were left (Figure 0.2). At the same time, the pressure in 
the cell had increased to 0.17 mbar, which indicates that ethanol decomposed into H2O, 
CO2, and acetaldehyde. The formation of CO2 from interacting of ethanol with MoO3 at 
HV indicates that acetaldehyde can be oxidized into CO2 with the surface oxygen of MoO3. 
When more ethanol was admitted into the cell, MoOx, eventually reached an oxidation state 
that was stable under the given reaction conditions. The negative band at 1568 cm-1 
provides additional evidence for the formation of a partially reduced phase, leading to the 
change in structure (Figure 0.2).161 After this point, stable surface species were observed. 
The bands were significantly sharper than the ones observed after the first exposure to 
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ethanol (Figure 0.2). The observation of two well-resolved C-O stretching bands at 1086 
and 1022 cm-1 is attributed for the formation of two distinct ethanolate species on different 
surface sites.159 In agreement with this, the C-H stretching region (2800-3000 cm-1) clearly 
contained multiple well-resolved contributions. The IR spectra of saturated MoO3 with 
methanol did not shows noticeable CO2 bands. The absence of CO2 indicates that once 
surface MoO3 is completely reduced, MoOx lose activity for ethanol decomposition. 
 
Figure 0.3. IR spectra of surface species formed from acetaldehyde on MoO3 at room 
temperature 
When 0.1 mbar of acetaldehyde was introduced into the IR cell, the IR spectrum in 
Figure 0.3 after 10 sec exhibited various characteristic bands which included CH (2839-
2729 cm-1), CO (1761 cm-1)CH (1419 cm-1), CH rocking mode (1352 cm-1), and CC 
(1103 cm-1).59 These vibrational modes can be attributed to various modes of 
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acetaldehyde.162 The characteristic peaks for gaseous CO2 (2370 and 2166 cm
-1) were 
observed after 1min of exposure of acetaldehyde and the intensity slightly increased after 
5 min even though the intensity of CO2 peak is much lower than the counterpart in ethanol 
oxidation at the same timescale. Considering the immediate formation of CO2 upon 
introduction of ethanol (Figure 0.1), the delayed formation of CO2 and its low intensity 
compared to ethanol oxidation indicates that acetaldehyde oxidation is much slower than 
ethanol oxidation. Interestingly, when acetaldehyde was introduced into the IR cell at 0.7 
mbar for 1 hour, the various modes of acetaldehyde were significantly reduced. At the same 
time, the intensity of peaks of gaseous CO2 increased. The reduced intensity of bands for 
acetaldehyde and the increased peak intensity for CO2 indicates that even though 
acetaldehyde was converted slower than ethanol by MoO3, acetaldehyde was fully 
converted into oxygenates such as methane, acetic acid, and CO2 in the same way of 
ethanol oxidation. MoO3 catalyze the oxidation of ethanol faster than acetaldehyde, which 
indicates that dehydrogenation step is a relatively faster step compared to oxidation of 
acetaldehyde. This might be due to the easiness of formation of water by abstracting two 
hydrogen atoms from ethanol. MoO3 can catalyze acetaldehyde in the two different 
pathway: decomposition into CO2 using the oxygen on the surface and the conversion into 
propylene by a removal of oxygen of acetaldehyde by oxygen vacancies. The latter reaction 
pathway usually requires high reaction temperature and H2 presence to keep creating the 
oxygen vacancies. 163  
An important consideration for the conversion of oxygenates over reducible metal 
oxides is that the formation of oxygen vacancies can significantly affect the activity and 
product selectivity of a catalyst, requiring a strict control of the oxidation state of the 
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catalyst.164 For example, molybdenum trioxides (MoO3) catalyzes acetaldehyde from 
ethanol with high selectivity, but reduced molybdenum oxide (MoO2) produced ethane and 
acetaldehyde with significantly decreased conversion of acetaldehyde at 575 K.155 In 
another study, HDO reaction of oxygenates such as acetone and cyclohexanone requires 
the presence of H2 to keep the oxidation state of Mo, which prevents catalytic deactivation 
673K.165 The depletion of oxygen on MoO3 would affect the decomposition of oxygenates 
at room temperature. 
 
Figure 0.4. IR spectra of surface species formed from ethanol on reduced MoOx at room 
temperature 
Significant differences of the rate of ethanol decomposition were observed when 
MoO3 was partially reduced by exposure to methanol. To probe the effect of reduction of 
MoO3 on the reactivity and reaction pathway of ethanol, the MoO3 sample was activated 
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in vacuum at 450 °C and reduced with 1 mbar of methanol for 1 hour at room temperature. 
Then, ethanol was introduced into the cell. Figure 0.4 shows that first IR spectrum taken 
after 10 s upon the introduction of ethanol contained characteristic bands for CH (2987-
2900 cm-1), CH (1252 and 1394 cm-1). Also, the characteristic carbonyl band for CO 
(1732 cm-1) was observed due to the formation of acetaldehyde. The noticeable difference 
was observed in the range of characteristic bands for CO2. Previously, ethanol over MoO3 
immediately reacted upon introduction of ethanol, leading to the formation of CO2. 
However, the characteristic band for CO2 was missing in the spectrum at 0.1 sec. In the 
spectrum after 1 min (Figure), characteristics bands for the ethanolate species remained on 
the surface, and bands for CO2 (2363 cm
-1) started to form. After 5 min, the peak of ethanol 
was slightly reduced to the ones in the spectra at 1 min, and the pressure in the cell had 
increased to 0.12 mbar. Even when ethanol pressure was increased to 0.17 mbar, there was 
not significant increase in both the intensity of CO2 and the characteristic bands for 
acetaldehyde. Interestingly, we could not observe the significant change in IR spectrum 
due to the structural change of reduced MoO3, which indicates that acetaldehyde does not 
decompose well by using oxygen on the surface even though some of the CO . 
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Figure 0.5. IR spectra of surface species formed from acetaldehyde on reduced MoOx at 
room temperature 
Again to investigate the reactivity of acetaldehyde over reduced MoO3, the MoO3 
sample was activated in a vacuum cell for FT-IR spectroscopy at 450 °C and reduced with 
1 mbar of methanol for 1 hour before dosing acetaldehyde. All of the spectra contained the 
characteristic bands for acetaldehyde and modes of CO2 was not observed. This inactivity 
of acetaldehyde indicates that oxidation state of MoO3 affects the reactivity of 
acetaldehyde.  
The redox properties molybdenum oxide catalyzes the oxidation of an olefin to 
aldehydes and ketones.166 The activity of these catalysts is often explained by way of a 
Mars-van Krevelen mechanism, in which an oxygen atom located at the surface of the 
catalyst reacts with the olefinic compound to yield an oxygenated product plus an oxygen 
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vacancy site.167 In particular, these catalysts are applied to upgrade bio-oils in HDO process 
where small oxygenates can be converted into the value-added products by way of a reverse 
Mars-van Krevelen mechanism. Reduced MoO3 can remove of the oxygen atom from 
oxygenates upon the adsorption on the vacancy site, and the vacancy sites can be 
regenerated in the presence H2, leading to the formation of H2O. In the same study, 
propylene can be produced with high selectivity from acetone. In our study, acetaldehyde 
which has similar structure as acetone exhibited high reactivity over MoO3 even though 
the rate of decomposition is slower than the decomposition of ethanol. However, reduced 
methanol does not have any reactivity for the acetaldehyde conversion into propylene at 
room temperature. HDO of acrolein on MoO3 to propylene is thermodynamically favorable 
only after 593 K. Furthermore, HDO reaction of oxygenates such as acetone to produce 
propylene was studied at 673 K, which is much higher than the current temperature studied. 
However, unreduced MoO3 This is mainly due to the low temperature when acetaldehyde. 
The inactivity for acetaldehyde over reduced MoO3 indirectly indicates that the HDO 
reaction of acetaldehyde requires the presence of H2.  
In our study, the redox properties of molybdenum affect the oxidation of 
oxygenates at room temperatures. The ethanol oxidation over reduced molybdenum oxide 
with methanol was not as efficient as untreated molybdenum oxide. In the recent study, 
DFT calculation suggested that the reaction follows the classic mechanism of C-C bond 
activation by proton abstraction from the -OH group of the sugar and resulting enolate 
intermediate is activated by charge delocalization through coordination of the carbonyl 
group of the sugar to a Lewis acidic Mo atom.154 However, abstraction of hydrogen of 
hydroxyl group in ethanol resulted in reduced molybdenum by observing the formation of 
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CO2 and lost activity after continuous exposure of ethanol at longer time. Our result can be 
milestone to start to consider the redox properties of MoO3 for realistic DFT calculation 
for sugar conversion in methanol solvent. 
Also, even though tandem catalysts comprised of Sn MFI and molybdenum oxide 
catalyzed glucose to lactic acid at lower temperatures than Sn MFI itself by lowering the 
activation energy of retro-aldol reaction, which is a limiting reaction step.153 However, the 
reaction was conducted in methanol solvent so there would be a high chance that the 
catalyst deactivation would occur due to change in the surface oxidation state. In our study, 
both acetaldehyde and ethanol exhibited the limited activity for the oxidation due to the 
formation of oxygen vacancies of MoO3. This indicates that reduction of MoO3 occurs at 
room temperature, and we need to provide the source of oxygen to maintain the catalyst 
activity for biomass-derived oxygenates are processed in an alcohol solvent.  
1.17 Conclusion 
α-MoO3 are known to have an activity for C-C bond cleavage of oxygenates via retro-
aldol reactions in the condensed phase but easily tend to lose the activity for the reaction. 
We found that α-MoO3 has high activity for the decomposition of ethanol and acetaldehyde 
which are used as model compounds to mimic the functionalities of biomass-derived 
oxygenates. However, α-MoO3 is easily reduced by the depletion of surface O atoms of α-
MoO3 during the decomposition. IR spectroscopy and XANES revealed that the only 
surface of the catalysts was reduced and the reduced α-MoO3 exhibited the different 
reaction path, instead of the full decomposition of ethanol and acetaldehyde into CO2 due 
to the absence of O atoms on the surface.   
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Future work and recommendations 
1.18 Recommendations for Chapter 2 
In our study, regardless types of sugar and polyols, COB is more susceptible to 
WGS reaction. This result suggests that supported Pt particle with a higher density of 
terrace sites will be beneficial for COB formation. It is well established that the ratio of the 
terrace to edge/kinks sites highly depends on the size of Pt particles and it is well-studied 
that COB more preferentially binds to the terrace sites.
64, 168 Thus, the future work should 
focus on the correlation between the particle size of Pt and the ratio of COB to COL to 
maximize the CO oxidation via WGS reaction. 
1.19 Recommendations for Chapter 3 
Sn BEA readily catalyzes acetone to form bigger oxygenates such as mesityl oxide 
via aldol condensation reaction. Low amount of acetone exclusively formed mesityl oxide 
due to the absence of neighboring acetone, which prevents mesityl oxide from further 
reacting with acetone to form C9 oxygenates including phorones, isophorones at low 
temperatures and aromatics and cokes at high temperatures. The observation of the fast 
formation of mesityl oxide at HV suggests that Lewis-catalyzed aldol condensation by Sn 
BEA would be more active than Bronsted catalyzed aldol condensation reaction by 
aluminosilicates.126 Our data suggest the strong binding can easily poison aldol 
condensation reaction catalyzed by solid Lewis acid catalysts to products, which seems to 
require significantly dilute reaction condition. H2O present inside the pore of zeolites 
blocks acetone from interacting with active sites, leading to the total shut down of keto-
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enol tautomerization, the initial step for C-C coupling. This is most likely to the reduced 
strength of Sn by H2O adsorption, but H2O significantly prevent active sites from being 
deactivated by mesityl oxide which was missing at high temperatures in the presence of 
H2O. In short, water might be beneficial to promote the desorption of products by 
increasing KD constants based on our study. However, the pure aqueous environment can 
significantly suppress the aldol condensation by decreasing KA constants. This observation 
leads to the formation of the postulate that small amount of water can be beneficial to 
reduce the binding strength of the formed products from aldol condensation reaction and 
Sn sites. 
Future work should include the kinetic studies of the conversion of acetone in the 
absence and presence of H2O to investigate the inhibiting and promotional effect of water 
by correlation H2O content in the feed stream with selectivity for mesityl oxide and the 
onset of the catalyst deactivation. In addition, operando IR spectroscopy can provide a tool 
to correlate types of adsorbates with product distribution of aldol condensation reaction of 
oxygenates.  
1.20 Recommendations for Chapter 4 
In our study, the redox properties of molybdenum affect the oxidation of 
oxygenates at room temperatures. The ethanol oxidation over reduced molybdenum oxide 
with methanol was not as efficient as untreated molybdenum oxide.  
Glycolaldehyde is the organic compound with the formula HOCH2-CHO. It is a 2-
carbon monosaccharide that contains both an aldehyde group and a hydroxyl group. Using 
this simplest sugar-related molecule provides a tool to mimic the isomerization or 
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epimerization occurring on the molybdenum surface. Since the glycoaldehyde exists in a 
solid state, the next study should consider ex-situ impregnation method12, 49-50 where one 
monolayer of the oxygenate in solution mixed with water and methanol is deposited based 
on the surface area experimentally obtained N2 physisorption. In addition, the future study 
should investigate the adsorption of glyceraldehyde (glyceral), a triose monosaccharide 
with chemical formula C3H6O3, which undergoes the retro-aldol condensation reaction. 
The proposed study will elucidate the effect of the presence and absence of oxygen 
vacancies on retro-aldol condensation and isomerization of sugar over MoO3. 
In the recent study, DFT calculation suggested that the reaction follows the classic 
mechanism of C-C bond activation by proton abstraction from the -OH group of the sugar 
and resulting enolate intermediate is activated by charge delocalization through 
coordination of the sugar’s carbonyl group to a Lewis acidic Mo atom.154 However, 
abstraction of hydrogen of the hydroxyl group in ethanol resulted in reduced molybdenum 
by observing the formation of CO2 and lost activity after continuous exposure to ethanol at 
longer time. Therefore, the consideration of oxygen vacancies will enable more realistic 
DFT calculation for sugar conversion in methanol solvent. 
Lastly, even though tandem catalysts comprised of Sn MFI and molybdenum oxide 
catalyzed glucose to lactic acid at lower temperatures than Sn MFI itself by lowering the 
activation energy of retro-aldol reaction, which is a limiting reaction step.153 However, the 
reaction was conducted in methanol solvent so there would be a high chance that the 
catalyst deactivation would occur due to change in the surface oxidation state. To maintain 
the catalyst activity, our data suggest that oxygen source in the feed stream would provide 
a source to fill up the vacancies that would be caused by methanol solvent.  
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Appendix A: Supplementary Information for Chapter 2  
 
Figure A. 1. ATR-IR spectra of catalyst during 1st H2O flow period during APR of glycerol 
 
































Figure A. 2. ATR-IR spectra of catalyst during 1st H2O flow period during APR of glucose 
 
Figure A. 3. ATR-IR spectra of catalyst collected during the first 2 min of 1st O2 flow 
period during APR of glycerol 













































































Figure A. 4. ATR-IR spectra of catalyst collected at 1 min of 1st O2 flow period during 




Figure A. 5. IR spectra taken during IR spectra taken during. 1st H2O flow period after 1
st 






























24 2004 2015 11 1775 1802 27 
50 2008 2017 9 1771 1791 20 
72 2011 2020 9 1774 1804 30 
Sorbitol 
24 1998 2007 9 1771 1777 6 
50 2001 2010 9 1771 1780 9 
72 2005 2014 9 1772 1793 21 
Glucose 
24 1982 1994 12 1745 1770 25 
50 1998 2007 9 1765 1780 15 
72 2000 2019 19 1773 1804 31 
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Appendix B: Supplementary Information for Chapter 3 
 
Figure B. 1. XRD of series of dealuminated beta zeolites (a) dealuminated BEA (b) W 
BEA (c) Mo BEA (d) Sn BEA 
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Figure B. 1. FT-IR of deuterated acetonitrile desorbing from (a) Sn BEA (b) Mo BEA (c) 
(b) W BEA 
 
Figure B. 2. FT-IR spectra of adsorption of acetone on dealuminated BEA at the saturation 
of 0.1 mbar of acetone 
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Figure B. 3. FT-IR Variation of the integrated absorbance of surface species formed from 
adsorbed acetone on Sn BEA during increasing temperatures 
 
Figure B. 4. FT-IR spectra of adsorption of acetone on dealuminated BEA at the saturation 
of 0.1 mbar of hydroxyacetone 
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Figure B. 5. FT-IR spectra of adsorbed 1-propanol on Sn BEA at (a) 50 °C HV (b) 80 °C 
(c) 120 °C HV (d) 200 °C HV (e) 300 °C HV (f) 400 °C HV 
 
Figure B. 6. FT-IR Variation of the integrated absorbance of C=O of hydroxyacetone (●
) and 2-hydroxypropanal(○) adsorbed on Sn BEA during increasing temperatures 
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Figure B. 7. FT-IR spectrum of evolution of adsorbed hydroxyacetone on Sn BEA in the 
presence of 1 mbar of H2O vapor 
 
Figure B. 8. FT-IR spectrum of adsorbed of acrolein on (a) Sn BEA, (b) Mo BEA, (c) W 
BEA, and (d) dealuminated BEA 
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Figure B. 9. FT-IR spectra of Sn, Mo and W BEA subject to 0.1 mbar of acetone for 1 hr 
before desorption 
 
Figure B. 10. FT-IR spectra of adsorbed 1-propanol on Mo BEA at (a) 50 °C HV (b) 80 °C 
(c) 120 °C HV (d) 200 °C HV (e) 300 °C HV (f) 400 °C HV 
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Hardness (eV) Ionic radius (Å ) 
Sn BEA 415 294 0.55 
Mo BEA 362 290 
0.42 (6+) 
0.66 (4+) 
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